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Abstract

2 KAES SINIe Liendnapatdwhys dokvBy signdls dbguftiie entire environment,
animal behaviour is usually devoted to one or just a few potential objects of interest at any given
time. Objects that are more salient (more distinct) are usually prioritised, particulahgyifare
potential threats, but how and where salience is represented in the brain is not known. Here |
examine how salience may be constructed in the visual pathways of mice. To highlight the
importance of vision in mice | first show that vision can guideselection of distinct defence
behaviours in response to potential threatdreeze and flight. | then characterise potential
neural mechanisms for salience, by making recordings from neurons in the superficial layers of
the mouse superior colliculusnarea important in orienting behaviour towardsr away from
objects and likely to be part of the salience circuit. | show that many of these neurons are
sensitive to visual discontinuities in both the spatial and the temporal domain, and that this
sensitvity is more pronounced in awake animals tharamesthetizedanimals. These results
suggest that neurons in the mouse superior colliculus can highlight parts of the environment
that are distinct from the spatial and temporal context that they are embeddeand thus may

help in directing animal behaviour with respect to salient objects.



Impact statement

The brain allows animalincluding humangpo sense what is happening in the outside world
andto adapt their behaviour to itThis adaptive behaviour is important for normal function and
understandng how we and other animalsinteract with the environment istherefore a
fundamental question irbrain scienceThis thesisontributes to our knowledge feadaptive
behaviours bylescribingwo fundamentaldiscoveriesFirst,| show howmiceuse vision t@avoid
potential threats, and shouwhat different behaviours(freeze or fligh} are evoked by different
visual stimuli Thisopens the way taunderstandingthe sensorymotor transformations and
cognitive processes involvedarsimpleand evolutionarily conserveoehaviour that is likely to
berely on the pathways that organiseanyof ourdaily activities, includingsk assessment and
anxiety Second| show some of the neural signals that are likely to be important in making visual
objects perceptally salientNormalbehaviourrevolves around one or a fe(galient)stimuli at
any one time andindeed many brain disorders are characterised by inabiligotecentrate on
one or a few objects at a timé.investigatel neural signals ithe mouse superior colliculus, a
brain area that is important for orienting behaviours towaqis awayfrom - salient objectsl
show the presence of two complementary procesgein space and time for highlighting
objects that arenovel, ordifferent from ther surroundings These processes seem to be co
expressed in individual neurons, suggestindedicated pathway for making objects salient.

These might be good targets for future work and undergiag salience, and disorders in it.
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Introduction

1.1 OVERVIEW

¢KS Tt SEAOAfAGE 2F FyAYFIEf&aQ 0SKIF@A2dzNI Ay N
stunning. Despite the widelsariable sizes and shapes of central nervous systems across species,
0KS SaaSydaAlrt FdzyOdAzylf LAfEFINR NS GKS al
there, and to act accordingly. Trying to understand how we and other animals interact with the
SY@ANRYYSYy(l A& | FdzyRIFIYSyGlt ljdzSadAazy Ay ySc
give an answer. In this work, | hope to provide some understanding of how the brain enables
the interaction with the outside world.

The brain is constantly receng a huge amount of sensory information, but behaviour
usually depends on the most salient elements in the environment. This implies that the central
nervous system filters incoming information, devoting its computational power to a subset of
potential obects of interest at any given time. The ability to select what stimuli are worth focus
is essential for survival. For prey species for example, not attending to a predator when it

appears may easily result in death. The brain is therefore likely to absessnsory information
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it receives based on its salience, prioritizing the analysis of the most conspicuous or important
stimuli. But how and where in the brain salience is encoded is not known.

In the following | investigate potential neural mechanisiois constructing salience in the
mouse, focusing on the superior colliculus (SC), which in this species is the major target of retinal
projections(Ellis et al., 2016)The SC, homologue of the optic tectum (OT) irn-mammalian
vertebrates, isan evolutimarily ancient midbrain structure that receives signals from multiple
senses, integrates them and helps guide behaviours. The SC has been shown in several species
to play a critical role in detecting salient stimuli and orienting to or away from themSThis
composed of multiple topographically organized layers, switching from visual to multisensory to
motor as a function of depthiThe SC is also densely linked with much of the rest of the brain.
The superficial layers not only receive massive retinatagput from retina and primary visual
cortex, but also send outputs to the key visual nuclei of the thalamus, which in turn convey
signals to cortical visual areas and other behaviourally important structures such as the
amygdala. Deeper layers receiveaiddition to visual, somatosensory and auditory information,
inputs from the cerebellum, the basal ganglia, and from sensory, motor and association cortical
areas. Deep layers also project to the brainstem, the spinal cord and the reticular formation in
the medulla(May, 2006) As a key node in this intricate network, the SC is likely to be critically
involved in the complex dynamics between cortical and subcortical brain regions.

The mouse is becoming an increasingly popular animal miod@thich to study brain
function, connections and development. The advantages are manifold: they have a simpler brain
compared to primates, they are easily accessible and simple to maintain. Additionally, the
mouse is an attractive model system because of the availalafitpowerful experimental
techniques allowing for example to record the activity of many neurons at the same time (e.g.
two-photon imaging) or to finely target the manipulation of neural subpopulations and circuits
(e.g. combining viral and optogenetic appches). The techniques available ritice are
unparalleled, making this species a kegdel forthe study ofbrain function.

Despite having very poor vision relative to humans, lacking a foveal ré@aterDawson
and LaVail, 1979nd havingan acuity of only 0.55 cycles/degré@rusky and Douglas, 2004)

the mouse visual system is endowed with most of the features that have been described in
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traditional animal models of visiog cat and primate(Niell and Stryker, 200&juberman and

Niell, 011) The field of visual neuroscience has therefore recently seen a surge of research in
mouse, focusing in particular on the retina (&dnang et al., 2, Kim and Kerschensteiner,
2017 and primary visual cortefNiell and Stryker, 200&3a0 et al., 200; Andermann et al.,
2011;Ayaz et al., 20137aiceliunaite et al., 2013put now expanding into both higher visual
cortical areas (egdndermanret al., 2011; Tohmi et al., 20},4and the many subcortical targets

of the retina (eg.Abrahamson and Moore2001; Piscopo et al., 2013€hande et al., 2015;
Durand et al., 2018ylartersteck et al., 2017)

In this introductory chapter my objective is to familiarize the reader with the knowledge
necessary to understand the foundations on which this thisdisilt. | first describe what visual
saliency is, why it is important, and outline the dominant model of visual saliency, pinpointing
the superior colliculus as an area crucial for representation of salience. | then describe neural
mechanisms that are suitab® 2 NJ KA IKf AFIKGAyYy3I alftASyOS-Ay al
Of FaaAOl0FtQ NBOSLIIAGS FASERA FYR IRFILWIGAZ2Y ®
colliculus and illustrates its anatomy, connections and behavioural role, describing hal visu
receptive fields are characterized and what we currently know about the functional properties

of visual neurons in the superior colliculus.

1.2 SALIENCE

The focus of this thesis is how brains allow animals to respond appropriately to sensory
stimuli. Through evolution,organismshave adapted to the environment to increase their
chance®f surviving and reproducingpecies have evolved physical features that enable them
to thrive in specific habitats, and behaviours that further enhance their likelittdaairviving
hyS 2F (GKS Y2ad FlFraoAyldAy3a NBadzZ da 2F (KSa
dynamically adjust their behaviour depending on context. Understanding how tlie fe@eives
sensory informatiorand uses it to choose the appnagte behaviour is a central question in
neuroscience, but we are still far from understanding how the brain performs this complex set

of processes.
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The amount of information that reaches our senseanisrmous One way to prevent sensory
overload is todentify and select the most important stimuli in the environment, and devote
detailed processing to therfitti et al., 1998) The process of selecting the most relevant stimuli
is often referred to as selective attention or orienting, and can be further subdivided into
G 6 2 Gdelédy | yR2 dylié2didwvie Bidchanisms arise in cognitive processes that can
weigh factors such as ¢hcurrent situation, previous experience, or will. These mechanisms are
likely to be mediated by highdevel brain areas thought important in sophisticated cognitive
processes, which have expanded through evolution. By contrast, batfmselection is fder,
likely to be supported by evolutionarily ancient pathways, depends on the basic features of the
stimuli and is thought to be implemented early in the sensory pathways. In these cases the
saliency of an external object is often determined by the déffexe between its properties and
those of its surroundings, for example a vertical bar is salient among horizontal bars but not
among other vertical bars. This thesis will focus on bottgenprocesses and in particular on
suitable neural mechanisms for cangcting saliency. | will concentrate on the visual pathways,
where saliency has been most explored.

In the following I will introduce a dominant model for visual salience that is based on the
anatomy and function of visual circuits, and illustrate howown neurophysiological
mechanisms of visual processing may put into effect the different stages of the model. | will then
address the question of where in the brain a master saliency map may be established, suggesting

the superior colliculus as a suitalskgion.

1.2.1 Visual saliency maps

How bottomup, stimulusdriven salience is supported by the brain is the subject of
continuing and intensive researdBorji and Itti, 2013) The first computational model of
salience to be based on neuronal architecture is that proposed by Koch and WYKmetmand
Ullman, 1985)an exemplar and reference point for subsequent wilet al., 2013)The model
introduces the concept of saliemanaps to describe how the brain may perform bottap
aStSOGA2y 2F (GKS Y2ald O2yaLhOdz2dza 2ZKoehd@i Ay

Uliman, 1985)s organised into several stages, and it is useful to consider these in turn (Fig. 1.1).

DA a
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¢KS FTANRG adGlr3S 2F Y2O0K yR !'tfYlLyQa Y2RSf
modular visual analysis (egivihngstone and Hubel, 1988kand by evidence of competitive
spatial interactions in cortical visual areas (@man et al., 1985pa This stage consists of parallel
filter banks each selective to different visual features and tiling the visual field. The early visual
system is proposed to generate a topographic map for each of several simple features of the
visual scene, such as caotgorientation, or direction of motion. Within each feature map, the
relative strength of activation (saliency) of a particular location is given by how different the
activation in that region is from its local surroundings. The second step implemeimsaa |

combination of these feature maps into a master saliency map, in which saliency is feature

Input image

Colours

Multiscale
Red, green, blue, yellow,
—)p- | lOW-level feature ,
extraction \
Intensity
On, off, etc.

Orientations
0°, 45°, 90°,
136°, etc.

Other

Motion, junctions
and terminators,
stereo disparity,
shape from shading,
etc.

Attended
location

Inhibition of return

Centre—surround
differences and
spatial competition | -~

v

Feature maps  +Z----------}-- >

Feature
> combinations \

W Top-down
attentional bias

he <= and training

Saliency map

e

Figure 11. Schematic of visual saliency mad&ke input visual image is decomposed in several fe:
specific maps (sensitive to orientation, colour, intensity, etc.), and in each feature map the most
location is idenified through centersurround differences and spatial competition. The feature map
then linearly combined in a mastesaliency map, identifying the most conspicuous location a
features. A winner take all network finds that location and directsreton towards it. Inhibition of retur
allows the next most salient location to be selected. Modified fittirand Koch (2001)
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independent. In the master saliency map the most conspicuous stimulus is represented by the
unit with highest firing rate. The third stage involves a wintade-all (WTA) network, which
scans the master saliency map to detect the most conspicuous location, towards which attention
will be deployed. In order for the selection process to move from one location to another the
model implements a lorndasting inhibiton of the unit detected by the WTA network, whose
saliency value decreases allowing the WTA network to select the next most salient location. This
results in attentional shifts from one position to another as a function of decreasing saliency. In
extendedversions of the model, the master saliency map is integrated withdmgn signals
encoding behavioural relevance, to construct a priority map from which the stimulus deserving
attention is selected.

The power of this model of saliency, and subsequentémgntations, is that it rests on basic
known properties of visual representations in the brain. (1) The retinotopic organization of visual
areas preserves information about stimulus location, and cells in the early visual pathway are
usually tuned to oner a few visual featurefHubel and Wiesel, 1958jvingstone and Hubel,
1988a) providing the substrate for constructing featuselective saliency maps. (2) In addition
to their classical receptive field (CRF), the visual space region from which ity &an be
elicited, most neurons show presence of a largen-classical receptive fiel(hCRF) able to
modulate the response of the CRF and make neurons sensitive to spatial context (Fig. 1.2). The
effect of nonclassical surrounds on the CRF is ligsauppressive, and suppression is generally
stronger if the surround features match those over the QR&ach et al., 1993Sillito et al.,
1995;Girman and Lund, 2007y he result is that the nCRF highlights portions of the visual field
that are dissinlar from their surrounding, a key requirement for building featggecific
conspicuity maps. (3) Neural responses can adjust depending on stimulus history through
adaptation, which decreases the firing activity of cells in case of repeated uniform aiiomul
(Kohn, 2007)Adaptation makes neurons sensitive to stimulus changes over time, allowing them
to encode novelty. Similar to surround suppression, which acts in the spatial domain, adaptation

is a suitable mechanism for saliency detection in the terapdomain.
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1.2.2 Visual saliency in space and time: neural mechanisms

Sensory neurons face the daunting task of encoding stimuli that are variable over space and
time. Two major processes allow sensory systems to deal with this issue. The first is adaptation,
which allows neurons to adjust their response properties depending on what they have been
previously exposed to. The second is the nCRF, which allows responsetipsojgeadjust
depending on what is present in a portion of visual space larger than the classical receptive field.
The nCRF and adaptation maensory encoding strongly dependent on spatiad temporal
context. The more a stimulus is distinct from a@sntext, and thus the more it is salient, the
weaker adaptation and nCRFs will be. Indeed, spatial and temporal context have a similar effect
on perception and neural activifchwartz et al., 2007)

Adaptation. Adaptation refers to those neural mechams that adjust the firing rate of
neurons depending on the temporal context in which a stimulus is embeddédviewed in
Solomon and Kohn, 2014)hrough adaptation, neurons become sensitive to the history of the
sensory environment and their sensitivits adjusted based on the statistical properties of the
visual field over the recent past. Adaptation allows neurons to integrate sensory information
over different timescales, from milliseconds to minutes or hours. This is consistent with the fact
that environmental changes can also happen slowly or very rapidly, and suggests the existense
of multiple neural mechanisms subserving adaptation at different timescales. Fast adaptation
occurs in the order of a hew hundreds of milliseconds, while slow adaptageds seconds or
minutes to take place. Whether different mechanisms subserve these different timescales, or
whether the functional impact of adaptation depends on timescale, remain unknownthend
precisefunctional role of adapatiohas yet to be conasivelydetermined(Baccus and Meister,
2002;Kohn, 2007Solomon and Kohn, 2014)

Nonclassical receptive field§he most studied nCRFs, suppressive surrounds, are unable to
drive neuronal activity when stimulated alone but can modulate the responssigoals
presented in the CRF when the CRF and nCRF are stimulated together, usually by suppressing
the output of the CRF. nCRFs are likely to be a mechanism for contrast gain (Stiegtey
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and Victor, 1978Bonin et al., 2005)ydjusting the neuronabisponses depending on the average
contrast over a portion of visual space that is wider than the CRF.

Perceptual work in humans shows that the perceived contrast of a target stimulus strongly
depends on the relative contrast of the surroundings, and peezk contrast decreases with
increasing surround contra@Chubb et al., 198%annon and Fullenkamp, 19%y et al., 2001)
Surrounds with lower contrast than the target can also be facilitatory, increasing perceived
contrast (Cannon and Fullenkamp, 199Xing and Heeger, 20Q1)n electrophysiological
recordings from several species including cat, primate and mouse, the spiking activity of visual
neurons is usually suppressed by stimuli presented in the surround in a contrast dependent
manner, such thathe higher the surround contrast, the larger the suppresg@eAngelis et al.,
1994;Levitt and Lund, 199Bolomon et al., 2006)The contrast over the surround also affects
the extent of spatial summation area of the CRF: increased surround contrdstitedecreases
in preferred stimulus sizéSceniak et al., 199%0lomon et al., 2006)

Spatial discontinuities between regions of the visual field can stem from differences in

contrast and other visual features, such as spatial frequency, temporal frequency or motion

direction. Spatiaffrequency modulates the perceptual effect of context in human subjects
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Figure 12. Nonclassical receptive field8. Schematic of classical (green) and fobassical (red) recepti
fields. The CRF is embedded in a larger nCRF, pooling information from neurons with neig
receptive fieldsB® { OKSYF GA O 2F | ySdzZNRPy Q& NB a LiargnaeSdial
action potential over time. The activity of the neuron is strongly increased when a stimulus is pre
just over the CRF (top), it does not change when just the nCRF is stimulated (middle), and is st
compared to (top) when both th€RF and the nCRF are simultaneously stimulated (bottom).
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(Chubb et al., 198%Cannon and Fullenkamp, 19%etrov et al., 2005SerranePedraza et al.,
2012) such that contextual effects are stronger when the spatial frequency used intoeiad
matches the one of the target stimulus. Analogous dependence has been found in neural
recordings from primary visual cortgoeAngelis et al., 1994;i and Li, 1994)Contextual
suppressive effects have been shown to be dependent on the relatigatation over the CRF
and nCRF in both psychophysical measuremgftitey and Heeger, 200Retrov et al., 2005nd

at the neuronal leve[DeAngelis et al., 1994&;llito et al., 1995l evitt and Lund, 1998engpiel

et al., 1997 Cavanaugh et al., 2002btuller et al., 20030zeki et al., 20045irman and Lund,
2007;0zeki et al., 200Bhushruth et al., 201%Belf et al., 2014)Suppression appears stronger
when the orientation over the nCRF coincides with the orientation of the stimulus presented in
the CRF, suggesting the presence of mutual dependencies between classical aridssaral
receptive field§Cavanaugh et al., 2002b)

In summary, adaptation and nCRFs are mechanisms through which the neuronal activity in
response to stimuli can be modulatedepending on the temporal and spatial context. By
influencing the firing rate of neurons based on the statistics of the environment over time and
space, these mechanisms shape sensory encoding and are likely to promote the detection of

stimuli that are ovel or different from the surroundings, and therefore salient.

1.2.3 The superior colliculus as the master saliency map

What area in the brain represents the master saliency map? An area representing saliency
needs to fulfil several criteria. First, it e@s to preserve spatial information to allow the
localization of salient stimuli. Second, it should signal stimuugsic salience rather than its
relevance for a goafFecteau and Munoz, 20Q6and it should be able to detect saliency
independently of specific features. Third, it should guide spatial attention, such that
perturbations result in impaired salience. Many areas of the brain have been suggested to
constitute the master saliency maKoch and Ullman, 198®Robinson and Petersen, 1992;
Kustovand Robinson, 199&:i, 2002;Mazer and Gallant, 20@3ottlieb, 2007, Knudsen, 2011;
Krauzlis et al., 201Butta and Gutfreund, 2014)ut most of the proposed areas do not fulfil all

criteria. For example V1 has been proposed to constitute a saliencylm&3002) but neural
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based evidence of featuragnostic maps in V1 is lackif\eale et al., 2017)/1 seems to rather
implement a feature map: the pattern of gaze allocation in fvré®ving macaques with lesioned

V1 is impaired towards salient stimudithe orientation domain, while saliency of other domains
(e.g. movement or colour) is unchang@doshida et al., 2012aJhis supports the hypothesis
that V1 is not the master saliency map but a feature map specific for orientation, and potentially
other stimulus dimensions.

The superior colliculus is a good candidate for the master saliencyfeapau and Munoz,
2006;White and Munoz, 2011Veale et al., 2017)t is organized retinotopically, it is sensitive
to low-level visual features, and its neuns show presence of nCRFs that may allow spatial
competition between stimuli. It receives information from many visual areas and sends
projections not only to brain structures involved in motor control of orienting behaviours, but
also to areas implicateth spatial selective attention. Finally, lesioning the superior colliculus
leads to spatial attention deficits while electrical stimulation results in facilitation of object
selection and orienting movemen(Butter et al., 1978Carello and Krauzlis, 286McPeek and
Keller, 2004McPeek, 2008)The superior colliculus therefore fulfils the criteria for a master
saliency map.

The superior colliculus (or its homologue in rmammalian vertebrates, the optic tectum)
has been causally implicated in the selection of the most conspicuous stimulus in several species
(Dean and Redgrave, 1983arello and Krauzlis, 200Ktuller et al.,2005; Cavanaugh et al.,
2006; Mysore et al., 20102011;Knudsen et al., 2017Additionally, monkeys with unilateral
ablation of V1 are still attracted by salient visual stimuli during free viewing of complex natural
visual scenegroshida et al., 2012a)eurons in the superficial superior colliculus have also been
shown to encode a form of saliency map during the free viewing of naturalistic (déute et
al., 2017a) while the intermediate and deep layers lack the signatures of visual saliency and
encode a priority map which is important for selecting the target and generating orienting
movements towards itlt has been proposed that the saliency map emerged in the superior
colliculus/optic tectum in lower vertebrates and through evolution moved tionpry visual
cortex in primategZhaoping, 2016 ylthough recent work shows in monkey that visual saliency

emerges in superficial SC earlier than in(White et al., 2017b) It is likely that the superficial
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layers of the superior colliculus inform desr layers about exogenous, stimuliherent visual
saliency, while deep layers integrate this information with endogenous;dawn signals
coming from cortical areas and choose the next locus of atter(f@hite et al., 2017b)Thus,
despite the substatmal role of the neocortex in vision in higher mammals, the superior colliculus

is likely to play a major role in salience.

1.3 THE SUPERIOR COLLICULUS

Inmammalsyisualinformationistransmittedfrom the retinato the brainthroughtwo major
pathways.Theretino-geniculecortical pathwaytransfersvisualinformation from the retinato
the dorsallateral geniculatenucleusof the thalamus(LGN)whichin turn transmitssignalsto
primary visualcortex (V1). Thispathway hasevolvedmore recently and is mainly devotedto
imageforming vision. Theretinocollicularpathway bringsinformation from the retina to the
superiorcolliculus(SC)js evolutionarilyancientandis the primarytarget of retinal projections
in rodents(Fig.1.3).

Thesuperiorcolliculusreceivessensoryinformation, analysest and organiseutput motor
commandsand canthus be seenasa microcosmof the brain asa whole (King,2004) Its main
role is to guide the position of the head and eyestowards interesting stimuli or away from
threateningones(May, 2006) In addition to the descendingprojectionswhich direct sensory
structurestowards a target, the SCcan also influence sensoryprocessinghrough ascending
connectionsEvenif mammalspbeingendowedwith neocortex,rely lessthan other vertebrates
on this region for sensorymotor integration, it remainsan important structure for orienting
behaviairs (May,2006)

In the following | first describethe anatomy of the superior colliculusand (some of) its
connections,both within the SCand with the rest of the brain. Giventhe high quantity of
feedforward,feedbackand reciprocalconnectionsbetweenthe SCand the rest of the brain, |
will focuson thosethat | considerimportant in the frameworkof this thesis:connectionswith
the retina, visualthalamus,visualcortical areas,selectsubcorticalstructures,and connections

within the superiorcolliculusitself. | then review currentknowledgeaboutthe role of the SGn
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approach and defensive responses highlighting, when available, information about the
anatomicalstructuresand cell typesinvolvedin suchbehaviours| finally briefly describehow
the propertiesof visualneuronsare usuallyinvestigatedand review what is known about the
functionalvisualpropertiesof neuronsin the superficialsuperiorcolliculus.

The superior colliculus has been extensively studied in a variety of species, from rodents to
primates and the available literature spans decades. Information about specific aspects of this

areaistherefore oftensparse being available for just a subset of animals, or difficult to compare

Figure 13. The mouse superior colliculuBop Left: Coronal section of a Nissl stained mouse brain
through the superior colliculus, and schematic of the relative areas (right). The black solid line hi
the superior colliculus. Right: enlarged version of the SC. The red solid line highlights the superfici
Modified from the Allen Institute Refence Mouse Brain Atl
(http://mouse.brainmap.org/experiment/thumbnails/100142143?image_type=ati@ottom. In mouse
the major pathway originating from the retinis sent to the superficial superior colliculus (pink). A n
proportion of retinal projections is sent to the LGN (brown), that in turn sends visual information tc
cortex (green). The SC sends projections to the LGN, and visual cortex sebhdskeedhe SC. Modifit
from Allen Institute Brain Explorer(Bttp://mouse.brainrmap.org/static/brainexplorer.


http://mouse.brain-map.org/static/brainexplorer
http://mouse.brainmap.org/experiment/thumbnails/100142143?image_type=atlas
http://mouse.brain-map.org/static/brainexplorer
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due tothe use ofdifferent experimental techniques. It is alsoportant to note that the superior
colliculus is an evolutionarily ancient structure that has adapted depending on the specific
biology of each species (e.g. their main guiding sense). It is therefore critically important to
remember that despite the presee of shared features, the role(s) of the superior colliculus are
likely to have compoents that are speciespecific In the description of the anatomy and
connections of the SC | focus on a particular topic at a time (e.g. a specific connection) and
sunmarise the available information across species. When outlining the functional properties

of visual neurons in SC, | instead organize the literature in spspazsfic subsections.

1.3.1 Anatomy of the superior colliculus

Laminarstructure. The superiorcolliculusis a laminatedstructure locatedon the midbrain
roof (Fig.1.3). Basedon anatomical,electrophysiologicahnd behaviairal studiesit hasbeen
subdividedinto different layers,the numberof whichvariesacrossspeciesGenerical, the SC
consistsof sevenlayersfunctionally divided into superficialand deep layers. The superficial
layers consistof the stratum zonale (ZO), stratum griesum superficiale (SGSyand stratum
opticum (SO),while the deep layers comprise stratum griseumintermediale (SGI),stratum
album intermediale (SAIl),stratum griseumprofundum (SGP)and stratum album profundum
(SAPJFig.1.4) (Wurtzand Albano,1980;May, 2006)

At the most basiclevel, the SCis formed of a superficialpart, mainly visual,and of deeper
layersinvolvedin the analysisof other sensorymodalities and multisensoryinputs and the
generationof a motor output. The superficiallayers of SC(layersZO,SGSSO)are maostly
dedicatedto sensoryvisualstimuli. Thedorsalmoststratum zonat is thin and almostcell free.
Ventralto it, the superficialgray layer (SGS}s constituted of many small cellsand in some
speciehasbeenfurther subdividednto sublamirae. Theoptic layer(SO)onsistsof somecells
but mainlyof fibers,amongwhich are the axonsarrivingfrom the retina. Thedeeperlayersof
SCare characterizedby the presenceof cellsrespondingto visual stimuli or other sensory
modalities(somatosensoryauditory), someof which are sensitiveto more than one modality.

In addition to sensorycells,motor output neuronsare found (Dragerand Hubel,1976;May,
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Figurel.4. Laminar structure of the SB. 1) Cat, 2) squirrel and 3) M. Fascicularis vel
slice through the SC, highlighting the proportional thickness of the layers in different s
The slices were scaled to the same hight.Cresyl violet stained coronal sections of
superior collialus in five different species, showing the conserved laminar structur
scale bars are 1 mm. SG8atum griesum superficial®©PT: stratum opticum. uSGI: up
stratum griseum intermediale. ISGI: lower stratum griseum intermed&Aé: stratum albion
intermediale. SGP: stratum griseum profundum. Modified fidiay (2006).
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Figure 1.5. Topographical alignment of multiple maps in the superior collieulBshematic showing ti
laminated superior colliculus and inputs coming from the retina, primary visual cortex (V:
somatosensory cortex (S1). The projections are topographically aligned. Abbrevidtiomsisal; -
temporal; A, anterior; P, posterior; lateral; M, medial; uSGS, upper stratum griseum superficiale;
lower stratum griseum superficiale; SO, stratum opticum; SGI, stratum griseum intermeglidliae
topographical input alignment results in visual, auditory, or somatosensory neurorisghaimilarl
localized receptive fields (as indicated by the same color) being vertically aligned in the superior ¢
D. Consistent with the sensory map, stimulation of the anterior deep SC results in small eye mo
while stimulation of the psterior part results in larger shifis eye position. Modified fronCang an
Feldheim (2013).
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2006) Theintermediate gray layer is composedof different types of multipolar neuronsand
rostrocaudallyrunningfibers. Theintermediatewnhite layeris formed by dorsomediako
ventrolateralfibers. Thedeepgrayis a cellularlayer,while the deepwhite layeris constituted
by fibersadjoiningthe periacqueductagrey.

Neuronssensitiveto different sensorymodalitiesare positionedin the laminarstructure of
the SGsuchthat they are often preciselyaligned:the topographyof the visual superficialayers
is retinotopic, and the position of sensorycellsin deeperlayersis approximatelyalignedwith
that map of visual space.Giventhis anatomicalregistration, the receptive fields of sensory
neuronslocatedin differentlayers(hence responsivdo different sensoy modalities)but in the
samerostro-caudaland medio-lateral positionare often overlapping(Fig.1.5). Theprominence
of inputscomingfrom sensorysystemsother than visiondependson the relativeimportanceof
eachmodalityandis therefore speciesspecific. Forexample somatosensatiofis important for

rodentsand SCintermediate layersreceivestronginput from the whiskers(Dragerand Hubel,
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Figure 16. sSC neuronal typeSummary of sS€ell types, their outputreas, genetic markers, and vis
preferences. Arrows indicate excitatory, glutamatergic projections. Filled circles indicate inh
GABAergic projection¥he row labeled Area refers to receptive field size, Size refeneferped stimulu:
(spot) size, Movement corresponds to whether a cell prefers moving over stationary spots, Spee
to preferred speed of moving spots, and Direction indicates how often diresttective responses we
observed in each cell type.&e bar, 100um. Modified frorsale and Murphy (2014)
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1976) audition is important in cats, and indeed auditory inputs in their intermediate SCare
predominant; in monkeys,which are highly visual animals,the intermediate layers mainly

receivevisualinputs (Wallaceand Stein,1996).

Celltypes. The superficiallayers of the rodent SCinclude four main classesof neurons
displayingcharacteristicvisual properties and axonalprojections: horizontal, wide field (WF),
narrow field (NF)and stellate cells(Fig.1.6). Horizontalcellsare GABAergiinterneuronswith
dendritesspreadingover a largeareain the horizontalplane, prefer large stationaryor swiftly
movingstimuliand projectto the LGNandthe parabigeminahucleus(PBg)Widefield cellsare
vertically oriented with dendrites extendingdiagonallyand spanninga large portion of the SC
surface prefer smallstimuli, are sensitiveto movementand sendbilateral glutamatergicaxons
to the lateralposteriornucleusof the thalamus(LP) Narrowfield neuronsare alsoglutamatergic
and displaynarrow verticalarborizationin the SGSprefer smallstimuli, tend to be directional
selective, and project to the PBgand to the intermediate SC.Finally, stellate cells are
characterizedy unorienteddendrites,havea smallreceptivefieldsrespondingo smallstimuli,
and sendprojectionsto LGNand PBg(Endoet al.,2003;May, 2006;Galeand Murphy, 2014)

1.3.2 Connetions

The superior colliculus is highly interconnected with other brain regions. The patterns of
input to and output from the SC are complex, and many of them have not yet been clarified. A
complete description of SC connections is beyond the scope ofmbrik and the reader is
directed to relevant reviews (e.lay, 2006;Comoli et al., 2012Dh et al., 2014Savage et al.,
2017) Here | focus on major projections to and from the SC that are likely to be important for

salience detection and orienting behaviours.

Retina.Theretinotectal pathway primarily projectsto the superficiallayersof SC(Fig.1.7)
(May, 2006; Morin and Studholme, 2014) The main retinal input is sent to SGS,some
connectionstransmitto SQ and there are a few projectionsto SGI.The extent of binocular
overlapin different speciesinfluencesthe ratio of controlateral and ipsilateral projections.

Animalswith highbinocularoverlapshowa complexorganizationwvhereipsi and contralateral
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Figure 17. Retinotectal projectionsDarkfield photomicrographs of the mouse superior colliculus (¢
FNB cn >Y FLINIO &K26Ay3a AYYSNDIGAZY FTNRY
intraocular injection otholeratoxini -subunit The controlateral retina mainly projects to ZO, SGS
named SuG), and SO (here named Op). Ipsilateral retinocollicular terminals form discrete patct
and SGI (here named InG). Modified fridorin and Studholme (2014)

projectionsare presentin both sidesof SCwhile in animalswith alow levelof binocularoverlap
(e.g.rodents)the retina projectsprimarilyto the contralateralSC Neverthelessevenin rodents
a smallfraction of retinal axors project ipsilaterally,arisingin the lower temporal retina and
targetingthe SGSSOand SGFig.1.7).

Thereis a great deal of variability amongspeciesn the proportion of retinal ganglioncells
connectingwith SCwhich can be partially predicted by the importanceof the visualsensory
modalityto the speciesAt least~90%0of RGCgrojectto SGn mouse(Elliset al.,2016) 50%in
cat (Wassleandllling, 1980)andjust 10%in monkeys(Perryand Cowey,1984) Converselyca.
40%o0f RGCeprojectto the dLGNn rat (Martin, 1986) and 90%in primate (Spearet al., 1996)
Thus in mammalswith high visual acuity the retinogeniculatepathway is more prominent,

perhapsto the detriment of retinotectal connections The RGQypesthat projectto the SCis
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well establishedn somespeciesIn cat the main populationof RGCGconveyinginformation to
the SCare the slow conducting, phasic, small gamma cells (W-type), terminating in the
uppermostsSdamina, and the fast conducting,large alphacells (Y-type), terminatingin the
stratum opticum and the stratum griseumintermediale (Hoffmann,1973; Fukudaand Stone,
1974; Wassleand llling, 1980; Roweand Palmer,1995) A smallnumber of beta cells(¢type)
havealsobeenfound to projectto SC.In primates,retinal inputsto SCprimarily arisein cells
analogougo O | ¥-@pe and W-type RGC$M andK cells)(Crooket al.,2008)

In rodentsand lagomorphsmost RGCs&nd most RGQypes project to the SC(Chalupaand
Thompson1980;Vaneyet al., 1981;Lindenand Perry,1983;Hofbauerand Drager,1985;Ellis
etal.,2016) In mouse mostretinogeniculateprojectingretinal ganglioncellsalsoprojectto SC,
while the SCselectivelyreceivesinputs from a numberof RGCshat avoidthe LGN(Elliset al.,
2016) MouseRGCsgrojectingto the SQlisplaytransientresponsesndprefersmallstimuli (Ellis
etal.,2016) Afew geneticallyidentified RGQypeshavebeenshownto sendaxonsgto the mouse
superiorcolliculusW3RGCslikelyhomologueof rabbitlocaledge detectorcells(LED)Levick,
1967) which are characterizedoy small ON-OFFreceptivefields and strong lateral inhibition
(Kimet al.,2010;Zhanget al.,2012) OFFFRGCand ONOFBBDRGScstronglydirectionaland

alsosuppressedy largestimuli (Kim et al., 2010)

Cortex.Many cortical areasprojectto SC,ncludingareasl17,18, 19, 20aand 20b, 21aand
21b, many areasadjoiningthe sylviangyrus,area MT in primates, portions of the superior
temporal sulcus,dorsomedial,medial and posterior parietal areas(Hartinget al., 1992; May,
2006) Interestingly, visual cortico-collicular projections from extrastriate cortex show
topographicorganisation,suchthat the further the sourceareais from areaV1, the deeper
their axons terminate in the SC,supporting the involvement of deeper SC neurons in
progressivelymore complexanalysis(Fig.1.8. cat: Graybiel, 1978; Hartinget al., 1992. In all
speciescortico-collicularprojectionsmainlyoriginatefrom layerV, with someaxonsoriginating
from layerVlin V1 (macaquelocket al.,2003 cat: Kanvamuraand Konno,1979;rat: Sefton et
al., 1981) The main target of both retinal and cortical terminals are collicular dendrites.

Althoughretinal and cortical synapsesan occasionallybe found on the very samedendrite,
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Figure 18. Corticocollicular projections Simmary diagramdisplaying the laminar and sublami
distribution of cortical terminals in the superior colliculus of the cat. Abbreviations: DLS: dorsal
suprasylvian area; L&EF: lateral frontal eye field area; ME&F: medial frontal eye field area; S \drtic
somatosensory cortical area; S V: fifth somatosensory cortical area; PLLS: posterolatera
suprasylvian area; ALLS: anterolateral lateral suprasylvian area; AMLS: anterolateral medial suf
area; PMLS: posteromedial lateral suprasylviarea, PS: posterior suprasylvian area. F
periacqueductal grey. Modified frotdarting et al. (1992)

sometimesdivided by a glial cell, they & 3 Ar&@h@r the impressionof avoidingeach2 (i K S NE
(rabbit: Hofbauerand Hollander,1986)

In mouse,V1inputs havebeenshownto influencethe gainof SCresponseswithout clearly
affectingtheir tuning (Wanget al.,2010;Zhaoet al., 2014) In turn, SCdisruptionin mousehas
beenshownto shapethe velocitytuning propertiesof highercortical visualareas(lateromedial,
anterolateral, anteromedial and rostrolateral areas), while it has no effect on V1 velocity
preferenceqTohmiet al.,2014)

Damageto the SCalso affects the tuning properties of extrastriate cortical areasin cat.

Electrgohysiologicalrecordings from the lateral suprasylvianarea (LS, putative area MT
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homologuein cat) after SCinhibition suggesteda facilitatory role during visually evoked
potentialsin responseo fastmovingstimuli(OginoandOhtsuka2000) SGemovalalsoshowed
anincreasen responseo stationaryflashesof light andto slow-movingstimuli,anda different
spatialdistribution of surroundsuppressionn areal Sneurons.Specificallysurroundinhibition
wasasymetricallystrongeralongone RFaxisandveryweakor absentalongthe orthogonalone,
bringingorientation selectivityin cellsdisplayinghesechangegSmithand Spear,1979)

In primatescorticalvisualprocessingplitsin two parallelstreamsthe dorsalandthe ventral
The dorsal stream, also referred to asthe & ¢ K $.0B8i K shiasacriicial role in orienting
movementswith respectto objects,while the ventral stream-the & ¢ KLJ (i K gidthdught
to be devotedto visualobject recognition(Ungerleiderand Haxby,1994) Whetherthere are
similarly distinct processingstreamsin the rodent extrastriate cortex is still debated, but in
rodents dorsal cortical areasare particularly sensitiveto visualmotion and ventral areasare
particularlysensitiveto visualpatternsandobjectidertity (Andermanret al.,2011;Marshelet
al.,2011;Wanget al., 2012;Juavinettand Callaway2015; Vermaerckeet al., 2015; Tafazoliet
al.,2017) Interestingly,dorsalcorticalvisualareashavebeenshownto primarily projectto the
superficiallayersof SCwhile parietal areasmainly contact deeperlayers(mouse:Wangand
Burkhalter,2013. Thisdifferential targetingof cortico-collicularinputs to the SCis consistent
with SCsuperficialand deeplayershavingdistinct roles: superficialSCneuronsare likely to be
more important for detectingand localizingstimuli, while deeperlayersare more likely to be
involvedin the initiation of orientingmovements Thefunctionallocalizatiorof cortico-collicular
projectionssuggestshat the morerecently evolvedneocortexhasdevelopedo workin concert

with the ancientSC.

Intra- and interlaminar connectionsAxonsin the SG&xhibit short collateralsprojectingin
the vicinity of the dendritic field, but someintrinsic neuronscanconnectto distantregionsof
SCandtheseneuronsarethoughtto beinvolvedin the inhibitory effect of remote visualstimuli
onthe visualresponse®f S(cat: Rizzolattet al., 1974 or the generationof saccadesignalgin
thoseanimalsthat showgoaldirected saccades)Otherauthorshavesuggestedhe presenceof

intrinsic excitatory circuits in the intermediate gray layer and their role in the presaccadic
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commandbursts(tree shrew:Pettit et al.,1999. Investigation®f superficialateralconnections
in vitro have shown that they induce non-linear proximal facilitation and distal inhibition,

mechanismshat maybe suitablefor saliencydetection(mouse:Phongphanphaneet al.,2014).

Interlaminar connectionsare also presentin the SCof many species,connectingthe visual
laminae in a cascaddashionfrom the superficialto the deeplayers(tree shrew:Halland Lee,
1993. Thedifferent layersmake synapticcontactswith the deeperonesin an approximately
columnar fashion, projecting to neurons with similar location in the topographic maps.
Superficiabxonscanalsoterminate in deeplaminae and contacttectoreticulospinabrojection

neurons(ferret: Doubellet al.,2003. Coordinatingsensoryinputsandmotor commandsthese
connectionsmay be an anatomical substrateof the sensorimotorintegration occurringin the

SC.

Subcorticaktructures.The SCis reciprocallyconnectedwith the pretectum, which is also
involvedin directingeyemovements Afferentinputsoriginatingfrom the pretectumhavebeen
shownto be GABAergi@andto target GABAnegativedendritesin SGcat: Baldaufet al.,2003).
Therole of this tectal pathway is still unknown. The parabigeminainucleus(PR), a satellite
nucleusof SCreceivesbilateral input from - and sendscholinergicbilateraloutput backto - SC
superficialayersin anorderedtopographicfashion(cat: Graybiel 1978 Sherk, 1979 rat: Taylor
et al., 1986 mouse:Mufsonet al., 1986), aswell asto the LGN(tree shrew: Fitzpatricket al.,
1988)andto the amygdala(mouse:Shanget al.,2015. PR cholinergicneuronsare thought to
modulate the activity of colliculothalamic SGSneurons reducing their excitability via
intracollicular GABAergidnterneurons, a mechanismsuggestedto amplify SGSprojection
neuronresponseso subsequennovelstimulithroughactivationof low thresholdC&*channels
(rat: Leeet al., 2001) Additionally,it hasbeenshownthat parvalbuminpositive (PV) neurons
projectingto PR in the superficialSCare glutamatergic,appearseledive for looming stimuli
(expandingblackdisks),and trigger avoidancebehaviours(mouse:Shanget al., 2015. TheSC
alsosendsdirect ipsilateralterminalsto the substantianigra parscompacta(SNc)contacting

both dopaminergicand non-dopaminergianeurons.Dopaminergicmeuronsin the SNcrespond
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to unexpectedviologicallyrelevantstimuli,and SNcshortlatencyvisualresponsesire abolished

by ipsilaterallesionof the SCandincreasedoy SCstimulation(rat: Comoliet al., 2003).

Visualthalamus. The tectogeniculatepathway, projectingto the dorsallateral geniculate
nucleus(dLGN),has been studied in severalmammals(Harting et al., 1991) This pathway
originatesin smallSGSeuronswhich are closeto the layersthat are innervatedby retinal W-
cells (Hartinget al., 1991) Theareaof the dLGNreceivingtectogeniculateprojectionsis alsoa
target of W-like RGCsin primates,the koniocellularlayersin the LGNare the only targets of
colliculogeniculateinputs and have therefore been suggestedto collaboratewith the SCin
generatingvisuallyguided behaviairs suchas saccadesKoniocellularlayersin dLGNcontain
neuronsprojectingto extrastiatecorticalareas,suggestinghe presenceof a colliculogenicub-
corticalpathwaylikelyto supportsomevisualbehaviourdn the eventof lackingor damagedvl
(Hartinget al., 1991;Hendryand Reid,2000) In rodents,tectogeniculateneuronsprojectto the
dorsolateralshell,whichmainlyencodesdirectionand motion information (mouse:Bickford et
al., 2015. Reciprocakonnectionsare also presentbetween SCand ventral lateral geniculate
nucleus(vLGN (Harrington,1997 monkey: Beneventoand Fallon,1975 cat: Edwardset al.,
1974 tree shrew: Gonleyand FriederichEcsy 1993 rat: CoserzaandMoore, 1984). SGSends
input primarily to the vLGNIayer adjoiningthe optic tract, and the terminal€topography
resembleghe W-like distribution seenin dLGN.ThevLGNalsosendsprojectionsto the SCand
vLGNcellshavebeensuggestedo representthe mainthalamicinput to the superiorcolliculus,
at leastin rat (Matute and Streit,1985)

Neuronsin the superficialSCalsoprojectto the pulvinar/lateralposterior complex(Pul/LB
(mouse: Wei et al., 2015 Zhouet al., 2017 cat: Graham,1977 monkey: Sepniewskaet al.,
2000) a structure suggestedo be important in visualattention. In primate the pulvinar has
powerful control over gatingvisualresponsesn V1 (Purushothamaret al., 2012) andit relays
collicularinputsto dorsalstreamareasin primatesand cats(Kaasand Lyon,2007) In mouse,
the tectopulvinarpathway only includesglutamatergicprojectionsoriginatingfrom wide field
cells.Thetectorecipientportions of the pulvinar,interconnectedin loopswith cortex, striatum

and amygdala(Amg, are likely to be part of a network coordinatingthe transformation of
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perceptualinformationinto actionduringongoingmovement(Zhouet al.,2017) In particular,
the pathwayconnectingthe superiorcolliculusto the LPandthe LPto the amygdalahasbeen
shownto induce fear responsesand to be important in the generationof visuallytriggered
defensivebehaviourgWeiet al.,2015)

1.3.3 Behavioural role of the superior colliculus

Activity in the superior colliculus has been shown to be importastlacting a conspicuous
stimulus among similar, competing ones. In this section | provide an overview of what is
currently known about the involvement of the superior colliculus in the detection of salient
stimuli and in orienting behaviours in differespecies.

The activity of collicular neurons is thought to reflect both bottapm and topdown
attentional biases for visual stimyliFecteau et al., 200&rauzlis et al., 20135C lesions in
primates usually have very slight or negligible effects onrikeronal properties of different
cortical areas, such as a weak reduction in RF sizes and strength of visual response in the superior
polysensory area (STP) or a slight increase in visual responses in area MT neurons. In addition,
while ablation of V1 ifiences properties of downstream cortical areas, it does not usually lead
to a complete loss of visual responsiveness, and the concurrent ablation of SC and striate cortex
often abolishes residual visual responsiveness. This suggests that the SC isthyohetressary
for higher cortical areas to function, but can contribute to visual responses when V1 is absent

(Bruce et al., 198GRodman et al., 1990)

Role of SC in approach behaviours

In primates, where eye movements are used to bring images of objects onto thadugly
foveal region, the SC has a prominent role in generating saccadic eye movements. The firing rate
of neurons in intermediate and deeper layers of the SC is assodidiiedaccade targets, such
that the response to a visual stimulus is increased when its location is the end point of a saccade
(Goldberg and Wurtz, 1972McPeek and Keller, 2002)esions of the SC in monkeys produce
persistent impairment in peripheral éalization of briefly presented stimiButter et al., 1978)

Unilateral ablation of the superior colliculus has minimal influences on the initiation and the
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accuracy of saccades directed to targets, but larger lesions including pretectum and pesterior
medial thalamus seriously impasaccade accuradlbano and Wurtz, 19825C lesions also
increase the latency and speed of saccadic respofWestz and Goldberg, 197R®johler and
Wurtz, 1977) In presence of competing stimuli, inactivation studies hawam that saccade
target selection is profoundly impaired if the cue stimulus is presented in the visual field portion
represented by the affected part of the SC, leading to increased saccades towards distractors
(McPeek and Keller, 200MtcPeek, 2008)Tte disruption is not due to motor or visual deficits
(McPeek and Keller, 20Q4and has also been observed in the absence of explicit orienting
movements(Lovejoy and Krauzlis, 201®icrostimulation of the SC in primates increases the
probability of seleting a target presented in the portion of the visual field corresponding to the
stimulated site(Carello and Krauzlis, 2004nd brings about a decrease in reaction time and an
increase in performance consistent with a shift of attention to that locafi@avanaugh and
Wurtz, 2004) The SC has been shown to be involved not only in saccadic target selection but
also in target pursuitKrauzlis and Dill, 200Rummela and Krauzlis, 201@timulation of the

SC has been shown to induce gaze shifts that avenapanied by head movements with strong
stimulation(Freedman et al., 1996The monkey SC is therefore mainly involved in directing eye
movements.

In cat the superior colliculusis not only involved in gaze,but also in head and body
movement. Electricalmicrostimulationinducesfoveation towards the portion of visualfield
correspondingto the RFof the stimulated neuronsthat are similarto behaviouralsaccades
towards novel stimuli (Harris,1980) or in headturning (Schaefer,1970) Unilateral superior
colliculuslesionsresult in visual neglectin the contralateral hemifield, in particular when
competing distractors are present, hyperresponsivenesgo ipsilateral stimuli, and motor
deficitssuchasrepetitive circlingmovementtowardsthe ipsilateralside of the lesion.Bilateral
lesionscauseimpairedvisualpursuitandlocalizationof stationarystimuli (Spragueand Meikle,

1965) Comparedo monkey,the SCin cat hasa largerrole influencingnot only saccadeshut
alsoheadandbody movements.

In rodents, which lack a fovea or area centralisand where saccadiceye movementsare

therefore lessimportant, the SGs mainlyinvolvedin headandbody movementsLesion®f the
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superficiallayersin tree shrews(a highly visualrodent) leadsto visualdisaimination deficit,
while a larger lesion affecting also the deep layers and part of the pretectum results in
supplementarydeclinein the ability to orient to objects(Casagrandend Diamond,1974) In
hamstersthe SChasbeenshownto be essentiato approachadarkandstationarytargetusing
visionasguidingsense andthe deficit hasbeensuggestedo be dueto visuomotorintegration
impairment(Carmarand Schneider1992) Similarly hamsterswith lesionedSCail to approach
sunflowerseedsSchnailer, 1969;Deanand Redgravel984) Inrat, ablationof the SCeadsto

absenceof orienting responsegowards stimuli appearingin peripheralregionsof the visual
spacebut leavesntacttheir ability to performother visuallyguidedtasks(GoodaleandMurison,
1975;Goodaleet al., 1978) while electricalstimulationcausegirclingbehavioursimilarto what

hasbeenobservedin cats(Tehovnik,1989) The SCin rodentsis involvedin the generationof

whole body movements,and is therefore likely to have a much largerinfluence on animal€
behaviourcomparedto monkey.

Figure 19. SC retinotopylnrodents, the sSC is retinotopically organized with the medial SC repres
the upper visual field, the lateral SC representing the lower visual field, the anterior SC represee
nasal and the posterior SC the temporal visual field.
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Role of SC itefencebehaviours

In addition to its role in approachbehavioursat leastin rodentsthe superiorcolliculusis
important for defensivebehaviourssuchas freezeandflight (Deanet al., 1989) Whena salient
visualstimulusis detected,it mightindeedbe attractive like in the caseof food, or aversive as
in the caseof a predator or an object on collisioncourse.ln both casesanimalsshouldinitiate
behaviours,of opposite nature: food should generateapproach,while dangershouldinitiate
avoidanceor escapaesponseskorrodents,food isusuallyfoundonthe groundwhile predators
comefrom the groundandsky.Thetopographicabrganizatiorof the rodent SGs suchthat the
medial SCrepresentsthe upper visualfield and the lateral SCthe lower, while movingrostro-
caudallythe receptivefields shift from nasalto temporal (Fig.1.9) (Dragerand Hubel,1976)
Remarkablythe medialand lateral subrggionsof the SChavebeenshownto receivedifferent
inputsandprojectthroughdifferentdescendingpathwaygFig.1.10)(Comoliet al.,2012;Savage
et al., 2017) Thesepathwaysseemto be ideal for generatingappropriate approachand
defensivebehaviours(Sahibzadeet al., 1986; Ellard and Goodale,1988; Deanet al., 1989;
Westbyet al.,1990;Comoliet al.,2012;Savagest al.,2017)

Afferent signalsto the medial and lateral SCare largelynon-overlappingwith a majority of
structures selectivelyprojecting to the medial SC.The two major output pathwaysare the
contralateral tecto-reticularspinal projection (predorsal bundle, PDB) and the ipsilateral
cuneifbrm projection (ICF).The PDBarisesfrom intermediate SClayersand containsneurons
that primarily respondto somatosensoryibrissaestimulation or small moving visual stimuli
locatedin the lower frontal and lateralvisualfield (at leastin anesthetizd animals),implyinga
rolein approachbehaviour.ThelCFjnnervatingvariousregionsamongwhichthe parabigeminal
nucleus,caudalpontine nuclei and the ponto-medullaryreticular formation, originatesfrom
rostromedialSCregions,and is primarily regponsiveto visualstimuliin the upper visualfield
(particularlyloomingstimuli)implyingarole in avoidanceand escapebehaviours.

Consistenwith arole of the ICHn avoidancebehaviour,it hasrecentlybeenshownthat in
mouse SCglutamatergicPV neuronsthat contact cellsin the parabigeminalnucleus are
activatedby looming stimuli, and elicit avoidancebehaviours(Shanget al., 2015) In addition,

optogeneticactivationof a subsetof medialglutamatergicneuronsexpressingcaMKIllalocated
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Approach and avoidance
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Fgure 110. Functional anatomy of the STop: Schematic displaying that predators coming from
upper visual field is detected from the medial SC, and promotes defence responses. Whiskel
somatosensory stimuli in the lower field, associated witdys, are detected in the lateral SC and pron
approaching behaviour8ottom: Summanyof inputs and outputs from and to the medial (left) and lat
(right) regions of the SC, associated with defence and approach behaviours, respectively. Modii

Comoli et al. (2012)
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betweenthe stratum opticum and the intermediate greylayer, is sufficientto inducefreezing
behaviour. Theseneurons belong to a di-synaptic pathway rapidly (6-26 ms) transferring
informationfrom the SCto the amygdalaviaa LPrelay (Weiet al.,2015)

Progressivelystronger electrical stimulation of deep regionsin the rat SCinduce gradual
changesn the type of aversiveresponsesrom arousal,to freezing,to flight (Brandaoet al.,
1994) Thisis intriguingly consistentwith the PredatorylmminenceTheorywhich hypothesizes
that the selectionof the appropriate aversiveresponsedependson the distancefrom the
predatorin spaceor time, suchthat with increasingporedator proximity the behaviourof a prey
switchesfrom arousal,to freezing,to flight, to attack (Fanselow,1994 Eilam,2005) The
superior colliculusmight therefore be the brain structure where sensorysignalsinformative

about threat imminenceare integratedfor selectionof the appropriatedefensivebehaviour.

1.3.4 Functional propdies of visual cells in the superficial superior
colliculus

The superior colliculus is important for orienting behaviours in many species, transforming
sensory information in order to select salient stimuli and generate appropriate motor responses.
To uncerstand how the superior colliculus implements such mechanisms, it is essential to
understand how sensory information is encoded and transformed in this dreis. section
describes how visual receptive fields are usually characterized, and then reviewsiriient
knowledge about visual receptive field properties in the superior colliculus. | then describe non
classical receptive fields and review the available literature about nCRFs in the superior

colliculus.

Characterization of visual receptive fields.

The information carried by visual pathways is dependent on the functional properties of the
constituent neurons. In each species, the specific sensitivities to different properties of the
stimuli have been shaped by evolution and ecolefgy example may animals have developed
magnetoreception to aid orientatio¢Clites and Pierce, 201, 8nd others including rodents have

developed photoreceptors able to detect light in the ultraviolet raifgevee, 1995)As wings
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are used to fly and fins to swim, thestription of the anatomical and functional properties of
visual neurons is essential for understanding what vision is usedridrhow

Sensory neurons generally respond to stimuli presented over a circumscribed portion of the
sensory epitheliumproviding the secalled classical receptive field (CRF). For a visual neuron,
the CRF is usually defined as the portion of the retina (or equivalently, visual space) where an
appropriate stimulus can change the spiking activity of the neuron. In the follpWbriefly
describe the CRF of visual neurons, concentratingetimal ganglion cells (RGCH)e first
processing stage in which action potentials are generated.

The basic unit of description of the CRF of visual neurons is whether they primardyndesp
to increments in luminance (ON cells), to decrements in luminance (OFF cells), or to beth (ON
OFF). Many RGCs are characterized by circular, concentric and spatially overlapping subfields
that have opposite effects on the firing activity of the neurgenerating an antagonistic centre
surround receptive field structure. Both ON centre/OFF surround and OFF centre/ON surround
types are found. In modern work, sensitivity of RGCs and subsequent neurons to visual stimuli
is generally characterised by theiesponse to luminance contrast: the more a neuron is
responsive to low contrastd.€. the lower its contrast threshold), the higher its contrast
sensitivity. At suprathreshold contrasts different neurons can show varied resganssome,
response increses linearly with contrast while in others it starts to saturate.

The second basic descriptor of a receptive field is the linearity of spatial summation.
Depending on the linearity of spatial summation RGCs are classified as linedikédaxXd non
linear (or Yike) (EnrothCugell and Robson, 196Btochstein and Shapley, 1976t8imilar
distinctions between linear (simplée) and nodinear (complexike) spatial summation has
been made in neurons of visual cort@ovshon et al., 19785kottun et al, 1991) A simple
description of linearity is as follows. When stimulated with a drifting sinusoidal grating of
2LIAYEFE aLl GALFE  FNEBI dzS yDecaptivé fi€l8 chande¥ dvgt lijeh& 2 GSNI |y
sinusoidal fashion. The response of linear masr is strongly modulated at the temporal
frequency of the grating, while nelimear cells respond with an elevation of the mean firing rate
that is only weakly modulated at the grating temporal frequency. In the model of retinall Y

receptive fields poposed by Shapley and Hochstein, this is because retinall¥xeceptive
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fields include multiple spatially overlapping subunits and the output of each subunit is rectified
before summation within the receptive field. Similarly, cortical complex cefireaghought of
as the summation of rectified subunits, like those found in cortical simple cells.

The third basic descriptor is receptive field size. The sensitivity of a receptive field falls off
with increasing distance from its centre, and this distribution of sensitivity can be well captured
by a Gaussian functigfiRodieck, 1965 For a linear neuron, this Gaussian provides a sufficient
descriptor of the receptive field in space, and dictates how the neuron will respond to arbitrary
patterns. So for example, the size of the Gaussian limits how fine a sinusoidal pattern can be
usdal to drive the neurong smaller Gaussians also respond to finer patterns (higher spatial
frequencies). Both the centre and surround of the CRF can be described by Gaussian functions,
and the response of a neuron to different spatial frequencies is wetiritesd by a difference
of-Gaussians where the center Gaussian, due to its smaller size, is sensitive to higher spatial
frequences than the surround (Fig. 1.1(BnrothCugell and Robson, 19686roner and Kaplan,

1995)

The fourth basic descriptor is themporal response of a neuron. This can be measured in

many ways: for static stimuli the timsourse of response can be used to describe neurons as

transient or sustained and the latency of response can be used to describe neurons as brisk or

0 0.03 0.3
Spatial frequency (cyc/deg)

O—0—db

Figure 111. Analytic description of classical receptive fi€ltie sensitivity of the classical receptive fi
is the sum of concentric and antagonistigbregionsLeft, middle the receptive field center (black are
and black dashed curve) and surround (grey areas and grey dashed curve) can be modelled as |
Right:responses to gratings of varying spatial frequency can be predicted by a ddésséGaussiar
equation. Circles indicate responses of an example neuron in the SC. Black dashed line depicts t
centre mechanism. Grey dashed line depicts best fitting surround mechanism. Black solid line
difference between centre ansurround mechanism.
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sluggish. Aghe spatial frequency tuning of a visual neuron depends on how the tedrates
luminance over spageso the temporal fregency tuning of a visual neuraaflects how quickly
CRFs can integrate changes in luminance over time. | note that a moving object can be
decomposed into different spatial frequencies which move at the same speed, and therefore
different temporal frequencies. Similarly, two objects identical temporal frequency but
different spatial frequency will have different speeds, because the speed of an object depends
on the ratio between its temporal frequency and spatial frequency. Some visual neurons are
sensitive to temporal frequency antidir temporal frequency tuning depends little on spatial
frequency. In neurons that are sensitive to speed, the temporal frequency tuning depends on
spatial frequencyPriebe et al., 2003Andermann et al., 201Gale and Murphy, 2014)

The fifth basic decriptor is whether neurons are selective for direction or orientation of
motion of moving stimulus. The selectivity of visual neurons for movement direction and
orientation has been extensively studied, and is thought to be a feature of visual processing
essential for interacting with the environment. The computations that support direction and
orientation selectivity remain, however, unclear. One proposed model for direction selectivity
suggests a precise spatial organization of input synapses withdtiffar response latencies,
that only allows the postsynaptic neuron to optimally integrate excitatory currents if the
stimulus moves in a particular directi@Reichardt, 1987)Similarlyorientation selectivity in the
cat retina has been suggested to ginate from RGCs presenting asymmetric dféic
arborisation(Leventhal and Schall, 1983%yhile in cat primary visual cortex V1 neurons have
been proposed to receive excitatory input from LGN cells with spatially offset, circular receptive
fields alignedalong a particular axitHubel and Wiesel, 1962)Note though that orientation
selectivity is already found in the LGN of rodefR#scopo et al., 201%Bcholl et al., 2013nd
marmosets(Cheong et al., 2013and that the mechanisms underlying corticaientation
selectivity may differ among species]. The study of motion detection is a very active field in visual
neuroscience, and we are just starting to find neural correlates for some of the suggested

models(Yonehara and Roska, 2013)
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Receptive &ld properties in the superficial superior colliculus.

Surprisingly, previous studies have generally focused on the deep layers of SC and the
integration of sensory and motor information, while the visual computations performed by the
superficial layersdwe been less investigated, especially in rod&itman and Lund, 2007 his
trend has recently reversed. In the following | will first describe the receptive field propefties
neuronsin the superficial SC of monkey and cats and then focus on rodents.

Monkey. Monkey superficial SCneurons are transiently responsiveto stationary flashing
spotsof light andrespondusuallyboth to the onsetandthe offset of the stimulus.Movingspots
are alwaysableto induceresponsesRFsizesin monkeysuperiorcolliculuscanbe assmallas
0.75°diameternearthe foveaandgenerallyincreasewith distancefrom the fovea,reachingl7°
at 40° eccentricity.Despitethe possibilityof finding very large RFfar from the fovea,receptive
fieldsassmallas4° canbe found throughoutthe SCjndicatinga fine-grainedrepresentationof
the visual space. Interestingly, it has recently been shown that, in monkey, SCneurons
representingthe upper visualfield are tuned for higherspatialfrequenciesand respondfaster
and more stronglythan cellswith RFin the lower visualfield (Hafedand Chen,2016) Neurons
are not highly selectivefor stimulusvelocity. Strikinglydissimilarto cat and mouseis the fact
that in monkey superior colliculusdirection selectiveneuronsare rare (Schillerand Koerner,
1971; Cynaderand Berman,1972; Davidsonand Bender,1991) The main effect of cortical
ablationis seenin the deeplayers,wherethe visualresponseslisappear(Schilleret al., 1974)

Cat. In cat, most SCcellsrespondto both the onsetand the offset of stimuli with a low
proportion of cells (3-10%)displayingsolely ON or OFFresponsesReceptivefield sizesare
widely variable,with valuesrangingbetween 1-2° to more than 50°. Asin monkey, RFsize
increasewith the distancefrom the areacentralis.Directionselectivityis prominentin cat SC:
directionallyselectivecellshavebeensuggestedo be at leasttwo thirds of the population,and
often morethanthat (McllwainandBuser,1968 SterlingandWickelgren,1969;Rosenquisand
Palmer,1971;Pinterand Harris,1981) Sincelesioningareal? leadsto reduced proportion of
directionalcells,the directionalityof neuronsin cat SCseemso be depententon corticalinput.
Cat SCneurons prefer spatial frequenciesaround 0.1-0.3 cyc/deg(Bistiand Sireteanu,1976;

Pinter and Harris, 1981; Waleszczylet al., 2007; Markuset al., 2009) temporal frequencies
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around 6 cyc/sec(Waleszczylet al., 2007; Markuset al., 2009) and the contrastthresholdis

higher than in other parts of the visual stream (Bisti and Sireteanu,1976) Liu et al. (2011)
showedthe presenceof loomingsensitiveneuronsin cat SCThesecellsrepresentedabout 33%
of the recordedpopulation,andwere further subdividel into eta andrho classedasedon the

firing patternin responsedo approachingtimuli.Rhocellsresponsecontinuouslyincreaseduntil

objectcollision,while for eta cellsthe firing rate peakdependedon the diameter/velocityratio

of the looming objects, and occurredsometime before collision.Like other SCcells,their RF
generallycomprisesa classicakxcitatory center and a large suppressivesurround. Lesionsof

primary visual cortex dramatically reduces binocular convergence and increases the

spontaneous firing rate and sensitivity to stationary stimuli, while the neuronal spatial
summationpropertiesare spared(SterlingandWickelgren1970;RosenquisandPalmer,1971;
Bistiand Sireteanu,1976)

Mouse.In mouse the great majority of the cels showsON-OFFResponsesandlessthan 10%
respondonly to luminanceincreasesor decreasesThe magnitudeof ONand OFFresponses,
their spatialdistribution andtheir sizeare generallysimilar,indicatingoverlappedONand OFF
subfields Receptivefields are generallysmall,about 5° in radius,for both GAD2 and GAD2
neurons(DragerandHubel,1975;Wanget al.,2010;Inayatet al.,2015) with responsegeaking
for the majority of cellsat stimuli of 6-10°in radius(Wanget al.,2010) Whenstimulated with
moving sinusoidalgratingsof different orientations, SCneuronsdisplaya broad spectrumof
responsesln Wanget al. (2010)almost40%of the recordedcellsshowedorientationselectivity,
of which half had high direction selectivity,while another 40%were insensitiveto direction.
Directionalselectivityhasbeenshownto be strongerin WFand NFcellscomparedto stellate
and horizontal neurons (Gale and Murphy, 2014) Directional selectivity is particularly
pronouncedin the uppermostSCand decreaseswith depth (Inayatet al., 2015) Directional
selectivityin the SCappearsto be inherited from the retina, and then linealy amplified by
intracollicularcircuits connectingsimilarlytuned neurons(Shiet al., 2017) In contrastto the
saltand-pepperorientation preferencefoundin rodent primaryvisualcortexandsimilarlyto V1
in other mammals(Hubeland Wiesel,1974;1979; Blasdeland Salama1986;VanHooseret al.,
2005; Yacoubet al., 2008; Kaschubeet al., 2010; Yoshidaet al., 2012b) cellsin the superior
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colliculus seem to be organizedinto orientation columns (Feinbergand Meister, 2015

AhmadlouandHeimel,2015). Despitethis, in the mostsuperficialSAaminaneuronspreferring
similar directions have not been found to spatially cluster (Inayat et al., 2015) future

experimentswill be neededto clarifythe disagreemenbetweenstudies.Thepreferred spatial
frequenciesrange between 0.02 and 0.16 cyc/deg, with most cells preferring intermediate
values. Horizontal cells prefer lower spatial frequenciescomparedto WF, NF and stellate
neurons(Wanget al., 2010; Galeand Murphy, 2014) Most (74%)units are reported to have
non-linear responsedo a drifting sinusoidalgrating of optimal spatialfrequency(Wanget al.,

2010) WF,NFand stellate cellsare more sensitiveto speedthan horizontalcellsandrespond
bestto gratingvelocitiesup to ~100deg/sec(Galeand Murphy, 2014) Cellsin the mouseSC
respondrobustlyandin a speeddependentfashionto loomingstimuli (Zhaoet al., 2014)

V1 removal influencesthe preferred spatial frequency of mouse SCcells, increasingit
towards0.160r even0.31cycles/degre. Giventhe preferenceof V1 neuronsfor lower spatial
frequencies(around0.02-0.07 cyc/deg,Wanget al., 2010; Andermannet al., 2011; Durandet
al.,2016) V1probablyactsto dampenSQesponsesat highspatialfrequenciesfor reasonghat
remainundear. Theabsenceof corticalinputsfrom V1alsoincreaseghe directionselectivityof
SCneuronswhile orientation selectivity is unaffected (Wanget al., 2010; Shiet al., 2017)
Corticalablationalsoresultsin weakerspatialoverlapbetweenONand OFFsubfields despitea
similarproportion of linear cellsand percentagesof ON,OFFand ON-OFFheurons.Receptive
field sizeandevokedrate are similarin presenceor absenceof VV1,while the spontaneoudiring
rate increasesfter corticallesioning(Wanget al., 2010) Finally,V1exertsa modulatoryeffect
on SCresponsedo looming stimuli, dramaticallydecreasinghe gain but sparingthe tuning

properties(Zhaoet al.,2014)

Nonclassicareceptivefield propertiesin the superficialsuperiorcolliculus.

As discussed abov&éction 1.2.2)the activity of visual neurons does not simply depend on
signals within the CRF. Instead, cells integrate information over a larger portion of visual space
known as thenon-classical receptive field (nCRFR)ahle to drive the cell when stimulated on

its own butable to modulate the activity of the CRF when they are stimulatedether. The
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nCRFcan be modelled as an additional Gaussian that envelopes the CRF and acts on it in a
divisive fashior(Fig. 1.12)The presence of a nCRF can be revealed by the spatial summation
profile of neurons: when stimulated with gratings of increasing size, the response of a neuron
increases because more of the CRF is stimulated. As the grating extends beyond the CRF, the
resporse decreases due to nCRF suppression. In order to disentangle the contributions of
classical receptive field surround inhibition (sensitive to lower spatial frequency than the centre)
and of nCRF suppression, gratings beyond the spatial resolution ofafstcal receptive field
surround should be used. The sensitivity and selectivity of nCRF can be probed by using a central
stimulus over the CRF surrounded by a larger annular grating recruiting the nCRF, an approach
that allows to independently adjust theroperties of the visual stimuli over CRF and nCRF.

NCRBE have been demonstrated ithe SC of many species. In monkey SC, surround
suppression is selective for direction and speed, so that the firing rate is more suppressed when
the visual properties of the stimulusrer the nCRF match those over the CRF. The selectivity for
relative motion between the RF and the background is independent of absolute orientation or
velocity for both the RF and the background. Relative motion selective surround suppression is
particularly present in the lower portion of the superficial layers, where 90% of neurons display

this property, while in upper layers tharoportion is about 45%Schiller and Koerner, 1971,

Yy ryryyYyYTYT®Y

0 50 100
Size (deg)

Figure 112. Analytic description of ncenlassical receptive fieldTheclassical receptive field (green
embedded in and can be modulated by the adassical receptive field (red), which summates o\
region larger than the CRF. Both CRF and nCRF can be modelled as GaussiansRigiddie3ponse
to gratings incrasing in size can be predicted by a raiféGaussians model. Circles indicate respons
an example neuron in the SC. Green dashed line depicts best fitting CRF mechanism. Red di
depicts best fitting nCRF mechanism. Black solid line depicis b&tween centre and surrour
mechanism.
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Cynader and Berman, 197&pldberg and Wurtz, 19728Jarrocco and Li1977; Moors and
Vendrik, 1979Wurtz and Albano, 198@avidson and Bender, 1991)

In cat, 56090% of cells show surround suppression in response to large moving sbuotuli,
are less effective with stationary stimulMcllwain and Buser, 196&terling ad Wickelgren,
1969;Pinter and Harris, 1981Whether surround suppression is sensitig relative direction
between a central and peripheral stimulus is less c{b#ollwain and Buser, 1968terling and
Wickelgren, 1969)

In mouse, surround suppressid evident in most SC neurons, with responses to drifting
gratings generally peaking around 8° radius and then decreasing in response to larger stimuli
(Wang et al., 2010Responses to presentation of two small moving spots (one passing through
the RF ad the second at varying distances from the first) are suppressed in wide field and
YENNRg FASER OSftfta gKSy GKS RAalGlIyOS o0SiGeSSy
and stellate neurons is unchangé@ale and Murphy, 2014A recent study gygests that the
responses of both GABAergic and #®ABAergic interneurons are affected by surround
suppressior(Kasai and Isa, 201 @)ut since that work used light patches of different sizes on a
darkbackground iis not clear if the measured reducti@gmresponse to large stimuli was due to
surround suppression or to inhibition from the CRF surround. Light and dark patches have also
been used to show that in wide field cells suppression is partly implemented by horizontal cells
(Gale and Murphy, 201®ut again it is not clear how much of the decrease in response to large
stimuli was due to inhibition from the CRF surround rather than nCRF suppression. The use of a
random checkerboard stimulus, in which an optimally sized patch was moved across the
receptive field and against a moving background, has shown that in wide field cells suppression
is stronger when the speechd direction of the background amilar tothose of the patch,
suggesting that nCRF suppression may be selective for the directibspaed of the stimulus
over the CREGale and Murphy, 2016%imilarly, in rat SC nCRFs have been shown to be selective
for the orientation and direction of a grating relative to that presented over the (@Rfan

and Lund, 2007)
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1.4 OUTLINE OF THHEBIS

In this thesis | first demonstrate the importance of vision for mice by showing that they use
visual information for selecting betweedistinct defensive behaviours, freeze and flight
(Chapter 2). In order to shed light on how mice detect salienaVistimuli, | then characterize
the visual properties of neurons in the main visual hub of the mouse brain, the superior
colliculus, using electrophysiological recordings (Chapter 3). Finally, | investigate potential neural

correlates of salience represttions in the superior colliculus (Chapter 4).

Chapter 2 describes behavioural experiments showing that mice can use visual cues to select
between alternative defensive behaviours, freeze and flight. | demonstrate that the simple use
of two distinct visal stimuli can trigger opposite aversive behaviours, proving that mice use

vision for decisions that may have a great impact on their survival.

Chapter 3 characterizes the visual properties of receptive fields in the mouse superior
colliculus, using extcellular electrophysiological recordings from singtets in anesthetized
and awake animals. | further show how eye movements can influence the responses of neurons

in SC of awake animals.

Chapter 4 investigates potential neural correlates of salience in mouse superior colliculus,
both nonclassical receptive fields and adaptation. Using extracellular recordings, | firsthrconfi
the presence of noftlassical receptive fields in this area, then investigate their functional
properties. | describe a fast form of adaptation in the SC, and compare the strength -of non

classical receptive fields and adaptation mechanisms in indivicuabns.
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Behavioural correlates of visual saliency in mouse

2.1 INTRODUCTION

The mouse has become the maost popular experimental model in biological sciences. To study
mouse visual function, a number of behavioural paradigms have been developed. Visual
thresholds have been measured taking advantage of the optomotor resp@rsskyet al.,

2004) or by training mice to detect changes in luminaribiarendorp et al., 2010¥spatial
frequency(Prusky et al., 2000//ong and Brown, 2006prientation (Wong and Brown, 2006;
Andermann et al., 201@r contrast(Busse et al., 2011Pespitethis, we still know little about
their natural visual behaviours.

What visual patterns might a mouse naturally find salieim?rey species such as mice,
avoidance of predators is key to survival and drives instinctual behaviours like freeze or flight
(Tinbergen, 1951] eDoux, 2012) Both behaviours help avoiding capture, thave opposite
underlying escape strategieBrom an ethological point of view, the advantage of fleeing is to

distance the prey from the predator at the cost of increasing its visibility. Conversely, freezing
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raises the probability of eluding the predafeditention, yet is not the best strategfthe prey

has already been targeted as it will become an easy c&hsory signals guide the selection of
appropriate behaviou(Dean et al., 1989and for aerial predators only vision provides useful
information. Surprisingly, there is no evidenceatlvision can guide the selection of escape
strategies. Fleeing behaviour can be readily triggered by a rapidly looming overhead stimulus
(Yilmaz and Meister, 2013reezing behaviour, however, has previously been induced by real
predators or their odour¢Blanchard, 1997Herel discover that a small moving disk, simulating

the sweep of a predator cruising overhead, is sufficient to induce freezing response in mice.
Looming and sweeping therefore provide visual triggers for opposing flight and freeze
behaviours,providingevidence that mice innately make behavioural choices based on vision

alone.

2.2 METHODS

All procedures were conducted in accordance with the UK Animals Scientific Procedures Act
(1986). Experiments were performed at University Collegelbo under personal and project

licenses released by the Home Office following appropriate ethics review.

2.2.1 Environment & Visual Stimulation

The behavioural arena was a 48 cm wide x 35 cm deep x 30 cm high box. An opaque triangular
refuge 20 cm wide %22 cm high was positioned in one corner (Fig. 2.2c). Visual stimuli were
generated using the freely available software Expo (P. Lennie) and presented on a calibrated LCD
monitor displaying a grey screen (48 cm x 27 cm, mean luminand@ 8andela/m2, raesh
rate 60 Hz, Asus) that filled most of the open top of the arena. Mouse movements were video
recorded with a camera (DMK 22BUCO03, Imaging Source, sampling rate 60 Hz; except in cohort
W Q> RSAONAROSR 0St2¢63 6KSNBE A3 Ha thid cotort waNB | G A @S
excluded from latency calculations), fitted with a wiglegle lens and positioned over the arena.

Frames were acquired continuously in Matlab (Mathworks, Natick, MA) and temporally aligned
to visual stimulus by simultaneously acqogi(via dabjack U6, sample rate 1 kHz) the response

of a photodiode to synchronous visual stimuli presented in a corner of the monitor that was

5
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204 0dzNBR FTNRBY G(KS IYyAYIfd ¢KS WwWEt22YQ aiGAYdA c
when directly ove the animal) black disk rapidly widening to 25.5 cm (50°) in 250 ms, and
NEYFAYAy3 2y GKS &aONBSy i GGKAa aiailsS F¥2NI+y
a 2.5 cm (5°) black disk that appeared at a corner of the monitor and then transiaeaothly

to the diagonally oppsite corner over 4 seconds (24). In some experiments the same black

disc instead moved across tieonitor in 16 s (5°/s), 2 s (42°/s), or 1 s°(8% or was a white

disc of the same size and moving at the standarddf2ic Kk 0 ® ¢ KS Wa6SSL) b f 3
also a 2.5 cm black disk, that appeared on the short edge of the monitor and translated along

the midline for 2.6 s, by which time it had traversed 32 cm from the starting edge of the monitor.

The disk then expandeftbom) to 25.5 cm either from the same position, or on the other side

of the monitor (16 cm from the starting edge).

2.2.2 Testing

Prior to the first trial, animals were allowed to habituate to the arena for 15 minutes; in
subsequent trials, the habituath period was 5 minutes. After habituation, a visual stimulus was
GNRAIISNBR 6KSY (GKS FyAYlrtQa t20FGA2y gl a | L
GNRXAFE 61 & O2yRdzOGSR SIFOK RI&x SEOSWLI Ay 2yS

loom stimulus followed the sweep stimulus by at least 1 minute.

2.2.3 Cohorts

A total of 65 adult mice were housed under 12:12 light/dark cycle and tested during the dark
period (Table 2.19 / 2 K 2 NJ.2g,W totsistéd®B mhale adult wiletype mice (CBBL/6,
aged 13 18 weeks), and was tested once for the sweep stimulus, and then 6 times for the loom.
/| 2K2NI WFQ gta GKSy GSatdSR 2y0S FT2NJ GKS t22Y
the presence of two nestg. 2 K 2 NIi . 2@ Kronds@d @10 male adult wildype mice
(C57BL/6, aged 1112 weeks), that were tested 4 times for the sweep stimulus (the first
SyO2dzy i SNJ A4 AYRAOFGSR o0& WomQX &adzmaSldsSyid ¢
F2N) GKS f22Y a iy ¥.2gf Flga 25acongidted DB aduiOw@ldtype mice

(C57BL/6, 4 female, agedX® weeks), tested 4 (8 animals) or 5 (10 animals) times for the sweep
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+ loom stimulus. Ten of the animals were also tested 2 times for the loom stimulus. In the sweep

+f22Y ONAIFf&T GKS f22YAy3 RA&] SELIFYRSR FTNRBY SAGKS
or from an alternative location of the sweep trajectory kc&@ NI (F.Q&dR 0 / 2 K EFili WRQ 6

2.2h) consisted ofl9 mice housed and tested in a different facility, and included animals of

different ages and genetic profile. 11 animals were adult male Gad2Cre on C57BL/6 background

(aged 642 weeks), Gvere adult wildtype mice (C57BL/6, aged 8 weeks with an exceputfat8

weeks), 2 were of other genetic profiles on C57BL/6 background (afesleéks). Subdividing

this cohort in animals aged 13 weeks or less (n=14), more than 28 weeks (n = 5), or Gad2Cre

genetic profile (n = 11) showed no differences in freezing ibaafter the sweep stimulus

OTYy dPe2 I Tydce: YR ymody:s NB & LIS Odypedrtce @€57BL/6/ 2 K2 NI WS C
aged 78 weeks), that were tested with black sweep stimuli of different speeds (5, 21, 42 and 84

o/s), and a white sweep stimulug gpeed 21 o/s, in 6 sessions. The order of stimuli was

randomised for each mouse.

N° OF AGE
COHORT ANIMALS SEX (WEEKS) STRAIN TEST
1x sweep 21°/s
6x loom with nest
a 8 males 1318 C57BL/6
1x loom w/o nest
2x loom with two nests
b 10 males 1112 cs7BLe | X Sweep 2%
3x loom with nest
4x sweep 21°/s + loom (8
14 males mice)
c 18 8-10 C57BL/6 5x sweep 21°/s + loom (10
4 females .
mice)
2x loom with nest (10 mice)
6 C57BL/6
d 19 data not 6-43 11 Gad2Cre | 1x sweep 21°/s
recorded
2 Other
5x sweep (1x 5°/s, 2x 21°/s,
e 10 male 7-8 C57BL/6 1x 42°/s, 1x 84°/s)
1x white sweep

Table2.1. Summary of animal cohort&or each cohort of animals used, the table reports the numk
mice, their sex, age during the expeants, strain and visual stimulus tested throughout sessions.
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2.2.4 Analysis

The position of the animal during the experiment wagsaeted from video recordings using
custom software in the Matlab environment. Manual thresholds were set to identify pixels over
the mouse in each video, and the centtemass of these pixels was used to define mouse
position on each frame (Fig. 2.1). Tl&le-angle and oblique orientation of the camera lens
introduces barrel and projective distortions in the imadeestimated this distortion by
calculating the requisite polynomial transformation matrix from daily calibration images using
the functioncp2form in Matlab. The inverse of this matrix was used to transform positional
estimates from image space to arena space, using the funtfbominv. Transformed positions
were accurate to within 1.5 mm. Inspection of responses to loom stimulus suggestdtights
could be defined as periods of time during which the mouse speed was higher than 40 cm/s and
the animal returned to the refuge within 1 second following the onset of this movement. Freezes
were defined as periods of time during which the speedrdased to less than 2 cm/s for at
least 0.5 seconds. Average speed across trials was calculated as the geometric mean and the
s.e.m. of the geometric mean. For baseline measuremehtanalyzed activity prior to
presentation of visual stimulusanalyzed 4s video sequences that were triggered on the animal
moving away from the wallsndtowards the centre of the arena. Latency of flights was defined
as the time from the onset of a stimulus to the time at which movement speed had increased
by 20cm/s abovehat at stimulus onset (response on 1 loom trial did not reach this criterion).

Latency was not clearly correlated with movement speed at time of loom onsef)(02, p =

Figure 21. Video analysisExample frame showing how the mouse position was extradteft. origina
frame.Right thresholded frame. Black indicates pixels above threshold and classified as belongin
mouse. Red dot indicates center of mass of the black pixels, from which the mouse positi
estimated.
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0.82, n = 94). For display purposksitered the speed traces with a moving aage filter of
width 83 ms.

2.3 RESULTS

2.3.1 Visual patterns that elicit different freeze and flight behaviour

For a foraging mouse, a rapidly expanding overhead stimulus suggests the approach of a
predator that has detected it. To avoid capture, rodents typically flee to an available refuge
(Wallace et al., 20137ilmaz and Meister, 2013But what if the potentiapredator is instead
cruising overhead, as if unaware of the mouse? Flight or sudden movement would raise the risk
of being detected, whereas freezing may promote survival. Hatearacterised the behaviour
of mice during such distal threats.

| first confirmed that mice flee an imminent, looming threat (FA29. To do thid placed a
mouse in a rectangular arena with an opaque refuge in one corner ZFEg. A computer
monitor placed on top of the arena displayed a blank grey screen. Wdtgituating the mouse
to the arena for 15 minutestriggered a visual stimulus when the mouse passed near the centre
2F GKS FINBYylI® ¢KS Wi22YQ &a0AYdzZ dza g+ a + oflF O]l RAA
in 250 ms (Fig2.29. As expected, peentation of this stimulus reliably caused mice to flee to

the refuge (Fig2.2dm; Movie2.1). To quantify this behaviouidefined flight as epochs where

Figure2.2. Visual stimulus dependence of freeze and flight behaviours in méeBeSchematics of vistL
stimuli. The loom stimulus expanded from 1 to 25.5 cfig§@2°) in 250 ms and persisted for 500 ms.
sweep stimulus was a 2.5 cnf)8Biameter black diskranslating across the monitor at an angular sp
of ca. 21°s for 4 s.C.Schematic of the experimental arena. A computer monitor was placed on-
the arena. An opaque triangular refuge was provided in a corner. A camera video recorc
movementsof the mouseD-F.Top:images of the natural logarithm of movement speed in each trial
trial per row).Red indicates low speed; green indicates high speed; black indicates speeds clos
mean across animals; white indicates times when the ahimas in the refugeBottom: mean (x1 SEM
movement speed of mice across trials. Traces are clipped after flight home. Horizontal dash
indicatemean+1SEM of movement speed in absence of visual stimuli, as showa W ¥ . ! { &
EthogramsMovement speed was used to classify flight and freeze behaviours. Rlightsdefined a
epochs where speed was greater than 40 cm/s, and return to refuge withifrieszes were defined
epochs in which speed decreased to less than 2 cm/s for at0eas.The vertical line indicates onset
the stimulus. The horizontal lines subdivide differecthorts of animals (se&ection 2.2.8 JL.
Instantaneous probability of freezmnd flight. The probability of observing a flight (green) or a freeze
at each time pointThe dotted line indicates the onset of the stimuli4-O. Cumulative probability
having observed a flight (green) or freeze (red) response over time. See alsoMovie
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the mouse returned to the refuge at speeds exceeding 40 cm/s PFRy. Flight was

Chapter 2

observed irB7.8% of loom presentations (79/90 trials in 28 mice; Eign).

1T 2 dzy R

Fy 2L aAy3a NBalLkRyasS G2 |

that appeared at a corner of the monitor and moved smoothly across it for 4 second3.Hg

The stimulus emulates a 2m wide predator, flying 25m above the animal at 34 kra/fiisual

speed of 21°s to a mouse underneath it. The movement speed of the mice substantially

decreased during the sweep stimulus (Re,h Movie2.1), and include@pochs of complete

RA&GL €

OKNBI 4o

immobility. These data were obtained from animals that had only ever been exposed to the

sweep stimulus. As a quantitative measure of freekidgntified epochs in which mouse speed
was less than 2 cm/s for at least 0.5 s. Freezing whserved in 83.6% of the sweep
presentations (56/67 trials in 38 mice, F&2n). By contrast, flight occurred in 22.4% of trials

(15/67 trials)- in 9 of these, the animal froze before fleeing. Freezing behaviour was siarilar

white and black sweeptisnuli (Fig 2.3.

Mice sometimes pause while foraging, or return to the refuge, even in the absence of a real

threat. To estimate the frequency ofdéke stimulusndependent behaviourkanalyzed the last

5 minutes of the habituation period (before any visual stimulus), analysing only those epochs

Cumulative probability

(Flight / Freeze)
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..... White disk
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Figure 23. Responses to white swe
stimulus A. Schematic of white swe¢
visual stimulus. The sweep stimu
was a 2.5 cm (% diameterwhite disc
translating across the monitor at
angular speed of ca. Z1s for 4 s.B.
The cumulative probability of havi
observed a flight (greewhite) ot
freeze (redwhite) response over tim
for a white sweep stimulus (10 trials
10  animals). The  cumulati
probabilities of responses to a ble
sweep stimulus for the same cohort
animals are alsshown (flight: greer
black; freeze: redlack; 20 trials in 1
animals; replotted from Fig.4b).
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where the animal approached the centre of the arena, and applying the same criteria used above
(Fig2.2f).1F2dzy R GKI &G GKS WOKIYyOSQ LINRoloAfAGE 27
stimulusinduced effectd observed above were much greater than this (p £°f6r both freeze

and flight, Binomial test).

2.3.2 Biasing behaviour towards freezefight

The speed of a distal threat might influertbe behavioural response and we therefore asked
if mice are sensitive to the speed of the sweep. In a new cohort of 10 mice we presented sweeps
of varying speed (5, 21, 42 or®€). The standard sweegpeed (2¥s, Fig 2.4b,) produced
responses similar to that in the cohorts described above. Slower spe¥dsq3-ig2.4a,e led
to robust freezing behaviour (Movi2.2), occasionally with lontatency fight. Faster sweep
stimuli (42/s; Fig 2.4c,g led to freezing behaviour, with increased probability of flight. During
presenation of the fastest sweep (84; Fig 2.4d,H, however, we observed a strikingly
different pattern of responses: mice showed rapid flight behaviour (latency2@3 ms, mea
+s.e.m.; median = 549 ms; n = 9 flights in 10 trials), reaching movement speeds similar to those
evoked by loom stimuli (Fi@.4K. The latency to flight is longer than those evoked by loom
stimuli (218+ 16 ms, median = 199 ms; n = 41/47), and pattefrmovements around flight
onset was quite different: fast sweeps were associated with a brief reduction in movement
speed before flight commenced, but looms were not .(Bigk Movie2.2).

Does freezing behaviour impede subsequent flight, and therelpat for the different
flight latencies for loom and fastweep stimuli? To assess this we presented the sweep stimulus
and then the loom stimulus in succession (Ri§3g, using new cohorts of mice. Using the trials
where mice remained in the arena untie onset of the loom stimulus (65/82 trials), we were
able to estimate the effect of a preceding sweep stimulus on probability and latency to flight.
The probability of flight to the looming stimulus (53/65 trials, 81.5%;Xp,¢ was similar to
that in absence of a preceding sweep stimulus. Latency to flight after onset of loom stimulus
was 250+ 33 (median = 159 ms; n = 53), not significadtfferent to that observed in absence
of a preceding sweep stimulus. This implies that engaging one motiongfreezing) does not

interfere with activationof another (flight).
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Figure 242. Dependence of freeze and flight behaviours on stimulus sp&ddl Schematics of vistL
stimuli. Thesweep stimulus was a 2.5 cm®Bliameter black disk translating across the monitor a
angular speed of c&.°/s for 16s(A), 21°/s for 4 §(B), 42°/s for2s(Q), or 84°/s for 1 s(D). EH. Cumulative
probability of having observed a flight (green) or freeze (red) responsegiprésentation of black swe
stimuli of varying speed. Vertical dashed lines indicate the start and end of the stimulus from the n
Triangles indicate probability at stimulus end. Duration of stimulus presentation depends on s
speed.l. Cumuétive probability of observing a freeze response at each speed (5, 21, 42, ais)l, &e!
the first 4 s of stimulus presentation. Thickness of the line indicates stimulus speedldsviith thickes
lines showing slowest speed. Triangles replotteaht E-H show probability at stimulus end. Verti
dashed line indicates start of stimulug. Same asl), but for flight responseK. Mean (x1 SEM)
movement speed around the time of flight responses during presentation of standard sweéjs, (8%
6 flights from 20 trials), fast sweep (84, n = 9/10), or loom stimulus (n42/47). Speed traces we
aligned to the time at which movement speed exceeded 20 cm/s of the speed at stimulus start (
line). See also Movi2.2.
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Figure 2.5Behavioural responses to combinations of sweep and loom stirAulschematic of visu
stimulus. Thestandardsweep stimulus (21/s) was presented for 2.6 s and was immediately followe
a loom stimulusB. Top:images of the natural logarithm of moweent speed in each trial (one trial |
row). Red indicates low speed; green indicates high speed; black indicates speeds close to the me
animals; and white indicates times when the animal was in the refagigom: mean (1 SEM) moveme
speed ofmice across trials. Horizontal dashed lines indicate mean + 1 SEM of movement speed in
of visual stimuli, as in Figu&2. C.Ethograms. Movement speed was used to classify flight and f
behavioursas in Figure 2.2ZThe vertical line indicateonset of thesweep and of the loom stimuliThe
horizontal lines subdivide differembhorts of animals (seBection 2.2.8 D. Instantaneous probability
freezeand flight. The probability of observing a flight (green) or a freeze (red) at each time Phe
dotted lines indicatethe onset of thesweep and of the loorstimuli. E.Cumulative probability of havil
observed a flight (green) or freeze (red) response over time. Sed/agie 2.1



66 Chapter 2

2.3.3 Spatial learning in flight behaviour

When mice run, where do they run? To investigate thigmpared the target location of
loom induced flights in the presence of one nest, two nests, or no Aests implicit above,
when only one nest is psent, most mice run to it (79/90 mice, 87.8%) (Ri@d). In previous
work, presentationof a loom stimulus to mice in an open arenia the absence of a place of
refuge- elicited freeze behaviouiVei et al., 2015)However, in those experiments mice would
not be able to learn a location that might provide refuge, and the absence of flight behaviour
YAIKG NBFESOG GKS o0aSyoS 27 lFyeé aLIl At NBLINBa
presented one loom stimuk perday for 6 days, alwaywith a single nest present in the
standard location. On the next ddyemoved the nest before placing the mouse in the arena,
so that there was no place of refuge, and then presented the loom stimélugheseanimals
(8/8, 100%) stillshowed flightlike behaviour in the absence of a nesind rantowards the

location where the nest used to be (F@6). Analysis of flight latencghowed that in the

A B

Figure 26. Spatial learning in flight behaviauBackground: average occupancy map of the arena &
mice in the period preceding the loom stimulus. Black indicates highest occupancy rate, white the
occupancy rate. Traces: Each trace represents the patim@fmouse in the 1 sec after the loom on:
Each path is red at the loom onset, and green either at 1 sec after the loom onset or when the
enters a nest, whichever earlier. Yellow boxes indicate approximate position of the AeBigyht patt
in response to loom in the absence of a nest (n = 8). In previous loom presentations, the n
positioned in bottomright of the arenaB. Flight path in response to loom in the presence of two n
(n = 16). The original test is the one in bottom righthe arena, the new nest is in bottotaft.
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absence ba refuge miceook longer to initiate flight behaviouf{g. 27, 314+ 98 ms, meant
s.e.m.; median 325ms; n =8). This suggesthat the physical presence of a refuge might help
mice to initiate and execute flight behaviglout a spatial memory of its location is sufficient to
guide orienting.

| therefore askedf flight destination (in the absence of a nest) reflected a place preference.
To test this ideal,measured the preferred location in the arena (the occupancy rate) before the
onset of the loom (Fi@.6) in each condition. As expected, when a nest wasgmt, mice spent
most of the time around it. When the nest was absent, however, mice showed no clear
preference for its previous locatiofhus,flight destination does not simply reflect a learned
place preference.

When more than on@otential refuge is available, a mouse must choose which to run to. The
question that arises is, which refuge do they choose? Mice may seek refuge in the location they
were most recently in, the closest refuge, or one that does not lie in the path ofdtental
predator. In 8 animal$ presentedone loom stimulus per dafor 6 days, then tested their
responses with no nesgnd then added a second, identical refuge next to the one that was in
the standard location. In this case, most mice flew towards the new nes2(BjgThey did not
run to the closest nest, nor did they appear to take into account the location of dtengal
predator (which was always in the same central location). Analysis of flight latency sfasterd

initiation of flight behaviour (15& 65ms, meants.e.m.; median 8.15ms; n =16).

200 1 \ No nest
1 One nest
) : Two nests
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Figure 27. Dependence of flight tancy on nest availabilityAverage speed across mice around ons
loom stimulus (dashed line) in absence of a nest (blue line, n = 8), and in presence of one (gree
Replotted from Fig. 2.2d) or two nests (red line, n = 16).
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When the second nest was introduced in the environment, nsigent most of the time
around the unfamiliar refugéFig. 2.6)consistent with a preference for novelty that has been
extensively described in rodenf8Vilz and Bolton, 197Bevins and Besheer, 200Bnnaceur,
2010) This implies that mice developed amgmorized a spatial representation of the arena.
When a loom was presented, mice mainly ran towards this novel refuge, suggesting that flight

behaviour is flexible and depends on the environmental context.

2.4 DISCUSSION

Our results revedhat mice naturdly select between possible defensive behaviours based
on vision aloneTo our knowledge this is the first evidence that variation in a single sensory
modality is sufficient to select between opposing freeze and flight behaviours, and a clear
demonstrationof the utility of vision for mice. Previous attempts to influence tiwice of
freeze and flight behavioui®lanchard, 1997&ilam, 2005have had to rely opresenting real
predators (Blanchard, 1997)which inherently produce multisensory cues, or mgiag the
availability of refugéWei et al., 2015)

The different defensive behaviours might be mediated by distinct visual pathways.
Specialised circuits for locinduced flight emerge early in visual processing in many species
(King et al., 1999 abbiai et al., 20020liva et al., 2007Card and Dickinson, 2008e Vries
and Clandinin, 2012potentially as early as the retirf&ilmaz and Meister, 2013 key region
involved in defensive responses to visual stimuli is likely to be the superior kdl{@CDean
and Redgrave, 198&ahibzada et al., 198bean et al., 1983Comoli et al., 20125avage et al.,
2017) A looming visual stimulus will activate most visual receptive fields and many neurons in
the SC are activated by loom stimuli. There is some evidence, including in humans, that looming
stimuli may be particularly effective, though how this selectivityyradse is not cleajWestby
et al., 19908Billington et al., 2011Liu et al., 2011Zhao et al., 2014 Recent work shows that a
subpopulation of parvalbumin positive, glutamatergic neurons in the superficial SC is responsive
to looming visual stimuli,llhough the stimulus selectivity of these neurons was not studied in
detail. Activation of these neurons is sufficient to trigger flight respoigSésng et al., 2015)

The sweep induced behaviours tHatbserve might also be mediated by specialised sttizd
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pathways. For example, recent work shows a class of neurons in the mouse superior colliculus
OWGARSTFASER OStfaQus 6KAOK NBaLRyR G2 &Yl ff
(Gale and Murphy, 2014Activation of a subset of glutaatergic neurons in the SC can induce
freezing behaviou(Wei et al., 2015)though their stimulus selectivity is not clear.

It is well knowrthat electrical stimulation of the medial portion of rat SC triggers defensive
behaviours including freeze andgtit, and that the behaviour depends on the strength of
stimulation (Brandao et al., 1994 5imilarly, pharmacological disinhibition of the SC has been
shown to elicit dosedependent defensive behaviours (in primates as well as rodents), ranging
from cowernhg, vocalization, escape behavioursdaattack (DesJardin et al., 2013These
observations suggest a role of SC in defence responses that is conserved among mammals.
Cortical contributions to defensive behaviours are also likely, as visual corticaltjmmogeto
superior colliculus in mouse both modulate visual responsive(i#ésso et al., 20149nd help
drive temporary arrest behaviougtiang et al., 2015)

Flight behaviour can be rapid and reproducible following loom stimuli. However, our
observationsand those of othergEllard, 1996Vale et al., 20173uggest that flight is not a
simple reflex. First, animals run directly to refuge, even when that flight requires turning (Fig.
2.6). Second, flight is less likely when the refuge is unavailable ie ndoe(Wei et al., 2015)

This response flexibility is inconsistent with the usual idea of a reflex as a set of consistent motor
responses to an adequate stimulus. Thifdhbserved flight responses to sweep stimuli of
variable latency (Fi@.2e,h, andlatency to loominduced flight increased in absence of a nest
and decreased in the presence of two ng$tig.2.7). If flight were a simple reflex, latency should

be fixed and independent of context.

The loom stimulus emulates an approaching predatorcWiepresents an imminent threat.

On the other hand, the sweep stimulus emulates a predator scouting for preys, which represents
a potential danger. The different behaviourebserve (flight, and freeze) are consistent with
Predator Imminence Theor{Fanglow, 1994;Eilam, 2005) which hypothesises that the
selection of the appropriate defensive response is influenced by the relative distance between
the prey and the predator. As the predator moves closer, preys switch strategy from arousal, to

freezing, o flight, and finally to fightl found that flight behaviour can be initiated even whilst
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freezing during presentation of a sweep stimulus. In the framework of the Predator Imminence
Theory the witch in strategy may reflecssessment that the potentigredator was getting

closer, and suggests that during freezing behaviour mice are engaged in sustained assessment
of their defence strategies, allowing deliberation and selection of an optimal strategy.

Which defensive behaviour is chosen depends on eefagailability(Yilmaz and Meister,
2013;Wei et al., 2015) in mice that have not been able to learn a place of refuge, a looming
stimulus over an open field induces freez(ldgei et al., 2015) demonstrate that when a refuge
is unavailable the choideetween freeze and flight also depends on previous experience: mice
exposed to looms in the presence of a nest still display flight towards the former nest location
after its removal. Recent work has made similar observat{dade et al., 2017)and suggsts
that mice retain a spatial representation of safety in the arena, developed during preceding trials
in which a nest was present.

After introducing a new nest in the arena, mice preferably stayed around the new rather than
the old refuge. It is well established that mice and other rodents explore novel objects for longer
periods than familiar ones, a behaviour thought to reflect ttlevelopment of memory
representationgBevins and Besheer, 20@nnaceur, 2010) found that loom usually induced
flight to the new shelter location, indicating a dynamic adjustment of defence strategies apt to
cope with a changing spatial environmenitmarly, recent work shows that the remembered
location of refuge can be rapidly updatédale et al., 2017)The reason for the high likelihood
of flight towards the new nest could be at least twofold. In one scenario, when multiple safe
places are avaible, mice prefer to run to the one they have recently visited the most.
Alternatively, the spatial map of the environment might encode safety. In such a framework, the
novel nature of the new nest might have increased its value in the spatial safety map.

In summary,| have shown that by taking into account the distance of the predator, its
trajectory and velocity, as well as the availability of refuge and its loc&tidenberg and Dill,
1986; Cooper, 1997Stankowich and Blumstein, 2008jiva et al., 207; Hemmi and Tomsic,
2012) the engagement of defensive behaviours is more nuanced and dynamic than previously
thought, and is not easily described as a reflexive response. Our observations also demonstrate

a simple way to drive opposing avoidance behargathrough easily controlled visual stimuli.
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Combined with the availability of genetic tools in mice, this new framework may help better
understand how this selection is made, as well as the visual procgssihgrman and Niell,

2011)and sensorimotor itegration that supports these decisions.
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Functional properties of visual neusom superior
colliculus of mouse

3.1 INTRODUCTION

The superior colliculus is a midbrain structure thought important for the detection of visual
stimuli and for orienting behaviours towards or away from them. The superficial layers, namely
stratum zonale $Z), stratum griseum intermediale (SGS) and stratum opticum (SO), receive
visual information from the retina and the cortex and are retinotopically organizeanouse,
85-90% of the retinal projections are sent to the superior collic(kiis et al., @16) Despite
being the most important visual area in this species, and a prominent model in developmental
work (Huberman et al., 2008a&Cang and Feldheim, 2013)ost functional investigations of
visual processing in mouse have concentrated on the dorsal lateral geniculate nucleus (LGN) of
the thalamus(Piscopo et al., 201%)urand et al., 2016Tang et al., 2016pnd its major target,
the primary visual cortefGao et al., 201Miell and Stryker, 201@&ndermann et al., 201Byaz
et al., 2013Vaiceliunaite et al., 201Rurand et al., 2016)

Previous work, primarily ianesthetizedanimals, has shown thatisual neurons in SC of

mouse generally prefer smaflimuli, have spatially overlapping ON and OFF subfields, and show
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non-linear responseéDrager and Hubel, 1978/ang et al., 20105ale and Murphy, 2014to et

al., 2017) Almost half of the population is sensitive to orientation or direction of movement
with selectivity most pronounced in the uppermost layers and probably inherited from the
retina (Wang et al., 2010Gale and Murphy, 201£einberg and Meister, 2015ayat et al.,
2015;Durand et al., 2016to et al., 2017Shi et al., 2017While reeent work has moved towards
understanding specific visual computations that might be performed in the SC (eg. detection of
looming stimuli:Zhao et al., 2014)we lack basic knowledge of visual properties in the mouse
superior colliculus, especially in akeaanimals. In LGN, lateral posterior nucleus of the thalamus
and primary visual cortex, anaesthesia reduces the responsivity of neurons and makes their
responses more sluggigivaiceliunaite et al., 2013urand et al., 2016)It is not clear if
anaesthe& has similar impact on the visual pathways through SC.

Here, | made extracellular recordings from singhéts in the superficial SC in both
anesthetized and awake mice. | provide a description of visual properties that allows a direct
comparison with ober visual areas and between awake and anesthetized brain states. This
survey will assist future studies aimed at understanding the development of the visual system
and the functional role of the superior colliculus during visual procegsémgseand in he

context of visualbguided behaviours.

3.2 METHODS

All procedures were conducted in accordance with the UK Animals Scientific Procedures Act
(1986). Experiments were performed at University College London under peesahpitoject

licenses released ke Home Office following appropriate ethics review.

3.2.1 Preparation

Recordings from reesthetizedanimals Recordings wer@btained from 21 adult C57BL/6
mice (Charles River Laboratoriesjitial anaesthesia was induced through an induction
chamberwith 3% Isoflurane in OSurgical anaesthesia was indudsdntraperitoneal injection
of a mixture of80 mg/kg ketamine and mg/kg xylazine in 0.9% NacCl saline solution. Post

surgical anaesthesia was maintainedabfjrstintraperitoneal injection 00.1-0.2 ml of10%w/v
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urethane in saline solution, and topped up with 0:035ml injections as neededDepth of
anaesthesia was monitored by breathing rate and absence of pittidrawal reflex, and body
temperature was maintainedear37°C via heating biéket. During surgery lubricant ophthalmic
ointment (Refresh Lactiube) was applied on both eyes. The cortical surface was exposed
through a craniotomy @0 mn?) performed over the right hemisphere and the brain was
protected from dehydration by layer d agarose (2% in 08NaCl saline solution).

Extracellular recordings were made using quartz/platiriumgsten single electrodes
(impedance 9 am3X ¢ K2 Y IsiGiess&nOReNdR)ipy tetrodes {mpedance 0.5.8
am ¢ KR2cordidg), lowered into the brain using a micromanipulator (Thomas Recordings
Minimatrix). The analoge signal was amplified and filtered (61® kHz; Thomas Recordings)
digitised (MoTU 828mkll, MOTU, Cambridge, USAJ acquired at 22.05 or 44.kHzusing
ExpdOpenGL(P. LennigRochester, N)Yon a Power Mac G5 computer. Singlet activity was
initially identified online by principal component analysis of amplified voltage sigtatyuide
subsequentsisual stimulation.

Electrodes were vertically inserted through the corte& 8im posterior to bregma, and 1.1

mm lateral from the midline suturdf additional penetrations were made in the same animal,

the electrode was insertedt adistanceof 100311 >Y FNRY G(GKS LINBJA 2 dza

St SOGNRBRS ¢l a atz2g¢gfteée IROIYyOSR (GKNRBdJIAK (KS
about 1.3 mm in depth) wafunctionallyidentified by the characteristic muitinit response
modulation locked to the3-4 Hz modulation frequencyof large and uniformly flickering
achromatic stimulusThe typical duration of a recording session waB Hours At the end of the
experiment, animals were euthanized by sodium pentobarbital overddBentfject,

Animalcaré and death was confirmed by cervical dislocation.

Acute ecordingfrom awake animalsRecordings werebtained from 6 adult C57BL/6 mice
(Charles River LaboratorieB)itial anaesthesia was induced through an induction chamber with
3% lIsoflurane in £ and apreoperative analgest was injected subcutaneously (Qaeve,
Norbrook, 5mg/kg). Surgical anaesthesia was maintained Wiih5% soflurane in @ Depth of
anaesthesia was monitored by breathing rate and absence of piuiitidrawal reflex, and body

temperature was maintainedear37°C via heating blanket. During surgery lubricant ophthalmic

Oz
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ointment (Refresh Lactiube) was applied on both eyes.

The cortical surface was exposed through a craniotom$0(8nt) performed over the
superior colliculus in fehemisphere (3.8.7 mm posterior to bregma, 0.Z.1 mm lateral from
the midline suture) and the brain was covered with a layer of Kue&t Sealant (WPA.ground
screwwas implanted~1mm anterior to bregma and lateral from the midline suture, in the
hemisphere opposite to the craniotomy, and a custbnilt metal head postvas fixed on the
skull using dental cement (SupBond C&B, Sun MedicaAnimals recovered from surgery for
at least one weekand werehabituated to headfixation (1 session per dap minutesduration
onthe first day and then progressivélycreased. Once the animal was habituated to spending
at least 75 min in heatestraint (612 sessions of habituation), recording commendede
recording sessionper dayfor 4-10 dayg. During recording sessions, Kv@last Sealant was
removed to expose the cortical surface and replaced with artificial cerebrosfnel (Bio-
techne Ltd, UK At the end ofeachsessiorthe artificial cerebrospinal fluid wagmoved, the
craniotomy coveredavith KwikCast Sealant (WPI) and the animal was returned to its home cage.

Extracellularrecordings were made using quartz/platintemgsten single electrodes
(impedance 9 amI ¢ K2 Ylshor ve0es NiRgegaaced.508 am> ¢ K2 Yl a
Recording) as tescribed aboveTypical duration of a recording session wasl20 minutes. In
a subset ofanimals,after the last recording weoated the electrodevith Vybrané Dil celt
labeling solution (Invitrogen, Oregon, USA), a lipophilic membrane stain thaediffaterally to
stain the cells, weakly fluorescent until incorporated into membran&sthe end of the
experiments animals were transcardially perfused fustological reconstruction (see below.
Fig. 3.1)

Chronic recordinggrom awake animalsRecordngs wereobtained from 2 adult C57BL/6
mice (Charles River Laboratoridsjtial anaesthesia was induced through an induction chamber
with 3% Isoflurane in Handpreoperativeanalgesiavas injected subcutaneously (@aeve,5
mg/kg). Surgical anaesthesia was maintained W4ih5% Isoflurane in © Depth of anaesthesia

was monitored by breathing rate and absence of piagthdrawal reflex, and body temperature
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was maintained at 37°C via heating blanket. During surgery lubrimaimthalmic ointment
(Refresh Laciliube) was applied on both eyes to prevent dehydration.

The cortical surface was exposed through a craniotomy0(8nn¥) performed over the
superior colliculus in left hemisphere (3.6 mm posterior to bregma, 0.8 mmalatem the
midline suture).A ground screwwas implantedca. 1mm anterior to bregma and lateral from
the midline suture, in the hemisphere opposite to the craniotomy, and a custoith metal
head postwas also implantedAfter removal of thedura mater a custom built 16channel
microdrive (Axona Ltd, UK) was implantsal that electrodes were at a depth of ¢Z00 um.
Each drive consisted four tetrodes, each formed by four 1@rbdiameter tungsten wires
(impedance 0.151 ®c  a m 0 ® udsirial wasyplifie?l and filtered (0.8-7 kH2, digitised
andacquired at 48 kH@acqUSB; Axona Ltd, UK). One channel on each tetrode was also used
to acquire the local field potential {800 Hz; sampling rate 1 kHz).

Animals recovered from surgery for at least omeek They were therhabituated to the
headrestraint (1 session per day,-B sessions, 5 minutes long during the first day and then
progressively prolonged)Tetrodes were then lowered slowly over several days until
characteristic multunit response modulation locked to alarge and flickeringuniform
achromaticstimuluswas found The coarse location of the receptive fields was first manually
identified and subsequently refindal recording the responses to blaakd white smalsquares
flashedat a gid of positions over the monitgisee below for further details about receptive field
analysis) Typical duration of a recording session wasl20 minutes.Tetrodes were lowered
~65um per session until visual responses could not be detected any morer e last

recording,animals were transcardially perfused for histological reconstruction (see below).

Eye movementDuring recording in awake animalgontinuously imaged eye movements
using an infrared camer®MK 22BUCO03, ImagingSource; 30 Hz)aandom lens (M35141P,
Computar). Camera images were acquired in Matlab, and aligned to the visual stimulus
presentation via the output of a photodiode that monitored a small corner of the stimulus
monitor that was not visible to the animal. Eye positioasnestimated odine using custom
Matlab software to track the pupil as the centre of a fitted ellipse. For subsequent ankalysis

calculated the average pupil position over each stimulus trial as the average of the tracked
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positions during the stimulus psentation.l removed blinks by calculating the area of the fitted
ellipse and removing any points that exceeded a threshold of choice (3 standard deviations
above the median). The removed values were replaced using nearest neighbour interpolation.
Removalof trials in which a blink was present did not result in considerable changes of the
responsesand did not change any of the results reported héltee angular eye movements

were calculated as:

— PeT Eq. 3.1
n AGAGBIS (631

p
— (Eq. 32)

A AOADBIS—

% K S NSy Rare the angular eye movements in azimuth and elevatiés the mdius of the
mouse eye (1.25 mngakatani and Is2004), Gesis the camera resolution in mm/pixel aiakk,
dy reflect the difference between the tracked pupil center and the average pupil center across

all the pupil positions recorded during the presentation of a stimulus set.

Histology At the end of the experiment, animals were transcardially perfused with
phosphatebuffered saline (PBS) 0.1 M followed by 4% paraformaldehyde. The brain was
removed from the skull and kept in 4% paraformaldehyde for 24h at 4°C, followed by immersion
in cryoprotective solution (15% w/v sucrose in PBS 0.1 M, then 30% w/v sucfB&i@.1 M)
for at least 48h each at 4 °C. Finally, the brain was section@@®30>Y (G KA O] O2NRyYy Il f &f AC
a cryostat (Leica, CM1850 UVIn case ofthronic implants, the slicesese Nissl stained and
photographed using brigHield settings(Leica, Mi8). In case of Dil electrode coating, slices

were stained with DAPI (Fig. 3.1).

Spike sortingFor analyses, singlénits were identified offine using Plexon Offline Sorter
software (Version 3.3.2pr KlustaSuitdRossant et al., 2016pingleunits were identified by
manual inspection of spike shape, autmd crosscorrelograms and clustering in the principal
component analysis (PCA) space. To check for isolation quagiculated the proportion of

inter-spike interval (ISl) violaths for each cell, in response to stimuli of varying spatial
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Figure 31L. Example recording sit®APIstained coronal section at bregmd.38 mm. On the left, the re
trace shows the track left by a Dil coated electrodeeited in the brain immediately after conclusior
the last acute recording in an awake mouse, and positioned as close as possible to the site o
recording. On the right is shown the relative section from the Allen Brain Atlas.

frequency l first classified as violations ISls < 0.5 ms, and found that none of the isolated single
units exceeded a threshold of 2% ISl violations on the total ISIs. When violations were classified
as ISls < 1 ms, the threshold of 2% ISl violations was reached by (BL22%) neurons in awake
animals, and 21/97 (21.7%) in anesthetized animals. Given the high proportion of neurons
displaying more than 2% of ISl violations in anesthetized anilrinigstigated their response
linearity (see below for details. Section 3.2L3yearity of spatial summatiom response to
drifting gratingg. Given that multiunit activity pools responses from multiple neurons, it is
unlikely to display linear responsddost of the neurons with more than 2% ISl violations (16/21,
76.2%) had an F1/FO0 ratio >1, ergo linear resporiséstherefore unlikely that those neurons

were multiunits. Exclusiorof the putative multiunits did not change the major resultsnd |

have thereforeretained these units in my analyses.

3.2.2 Visual stimuli

Visual stimuli were generated usitigxkpo(P. Lennie Rochester, NYand presented on a
calibrated LCD monitafAnesthetizedanimals:Asus 48 cm x 27 cm, mednminance 3Q40

candela/n?, refresh rate 60 Hz; Awake animals: lyama ProLite EE188@aD|uminance 3-
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45 candela/nt, refresh rate 60 Hazlisplaying anean grey screen, positioned 20 cm away from
GKS yAYlFfaQ SeSo dwebcteddyyhras@ingBepasafeN e l@ance Y |
of the red, green and bluelements for an uncalibrated screen with a photometer (Konica
Minolta, Chroma meter G$00A), and calculating for each the bedsting exponential. The
inverse of measured exponent was thagsed to correct the output of the video card for the
relevant element, andinearizationconfirmed.l first handmapped the receptive field position
and adjusted the monitor location to centre the receptive field on the monitor using a flexible
arm. Tiltwas applied as appropriate to keep the monitor approximately normal to the eye. In
those cases where the receptive field location was difficult to deternmipesitioned the stimuli
wherel had maximal activity in response to small flashing squares @egh Unless specified,
stimuli lasted for 2 s with an interstimulus interval of 0.5 s and were of the maximal cohtrast
could present. Each set of stimiricluded a blank condition (during which the screen was held
at the mean luminance) from which spmneous firing rates were estimateBlach set of stimuli

was presented in pseudorandom order fod @ repetitions.

Sparse noiseUniformly black or white squares flashed sequentially for 0.2 s in
pseudorandom sequence over a 9x9 gtidsed either 10° squares with 5° spacing (spanning
50°x50° of visual space, for all experiments in anesthetized animals and a subset of awake
animals) or 15°quares with 7.5° spacing (spanning 75°x75° of visual space, for all experiments

in awake animals). For a subset of cells recorded in awake anic@atspared receptive field
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Figure 3. Neurons respond similarlp sparse noise using small and big stim@omparisorbetweer
estimates of receptive field radiug\|, horizontal positionH) and vertical position@ for single cells

which we measured responses to both flashstpares of 15{x-axis) and 7.5(y-axis). Black and gr
points indicate black (n = 9) and white (n =sjnuli, respectively. Radius and position were estim
from a two-dimensional Gaussian fit of the responkeonsidered only neurons in which the fit explail
at least 60% of the variance in the data. See also Fig. 3.4a.
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estimates using both stimuli, and found similar resufgy(3.2, but see also $8on 3.2.3,

Receptive fielgposition and sizéom sparse noiseandFig. 3.4

Size tuning for uniform field&/niform black or white circular patches, diameter 2° to 90° in

logarithmic steps, were flashed for 0.5 s with an interstimulus intesi/al5s.

Counterphase gratingsLarge circular patches (diameter &80°) of contrasteversing
sinusoidal gratings near the preferred spatial frequency and orientation of target units,

counterphasing at 1 to 5 Hz. Responses were measured at each of 8 dpasiad [(22.5° steps

Drifting gratings.Large circular patches of drifting sinusoidal grating (diameter980y
varying in contrast, orientation/direction, spatial frequency or temporal frequency. When a
large grating so strongly reduced the activity thesponse was not measurablelecreased the
size of the smulus to be the largest size fromhich a clear response could be obtainéd.
measured contrast sensitivity using gratings @f dontrasts (0.25, 0.5, 0.75, 1 or 0.17, 0.33, 0.5,
0.67, 0.83, 1)l measured direction and orientation selectivity using gratings of 12 different
directions (30° steps). measured spatial frequency tuning using gratings of 7 or 12 spatial
frequencies (0, 0.005, 0.0085, 0.0144, 0.0245, 0.0416, 0.0707, 0.1201, 0.2040, 0.3466, 0.5887, 1
or 0, 0.0094, 0.0187, 0.0375, 0.075, 0.15, 0.3 cyatigasured temporal frequency turgrusing
gratings of 6 or 7 temporal frequencies (0.4688, 0.9375, 1.8751, 3.7502, 7.5, 15 or 0.5, 1, 2, 4,
7.5, 12, 15 cyc/sech)measured speed tuning using a matrix of 7 spatial frequencies (0, 0.0094,
0.0187, 0.0375, 0.075, 0.15, 0.3 cyc/deg), and 6pml frequencies (0.4688, 0.9375, 1.8751,

3.7502, 7.5, 15 cyc/ sec), and each of the 2 directions at the vertical orientation.

3.2.3 Data analysis

All offline analysis was performed using Matlab (MathWorks, Natick, MA, USA). Peristimulus
time histogramsRSTHSs, bin width 0.01 s) were constructed for each trial (or across sesds
below) and subje@d to Fourier analysid.always extracted the mean firing rate (FO), and the
modulation amplitude of response at the stimulus temporal frequency (first loaim F1); in

some cases$also analyzed the response at the second harmonic (F2). Using the responses to
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the grating stimulus of optimal spatial frequency obtained during the spatial frequency tuning
SELISNAYSyGasz OSt t4AyS NRipQitsBvakiddichahds b FO exceedsli2 v
GKS OKIy3S Ay CwmISkdityhRtaltV1981F& fulthey arliisié Ssatiihe &OS
response for nodinear cells and the F1 response for linear cells. When the spatial frequency
tuning was not avéable, | used the FO for all analyses. Unless statadfer to responses as
stimulus evoked activitywhich is the difference between the FO or F1 measured for any given
stimulus, and that measured during presentation of blank screen of the same duration
(spontaneous firing rate). The optimal parameters for each model fitting were estimated using
the Matlab functionlsgcurvefit Statistical tests are specified in the text. Unless stagror

bars indicate + 1 S.E.M.

Response latenci.atencywas calculated from responses to the sparse noise stimulus. For
each cell,l measured latency for all positions in which the taakeraged mean responses
exceeded the mean maintained rate by at least 1 s.d. of that rate (anesthetized recordings) or 2
s.d. (awake recordings). For each position, action potentials were folded P& &l (bin width
0.01 s).I then extracted the first two consecutive bins in which the firing activity of the PSTH
exceeded the mean maintained rate by at least 2.5 s.d. of that rate, and a linear regression was
calculated from the first bin to the bin tfie initial response peak. The regression line was-back
extrapolated to the maintained rate, and latency was defined as the intersection time (Fig. 3.3)
(Pietersen et al., 2014Fach latency extrapolation was manually checked. In cases where the
automatedprocedure clearly failed, a regression line was manually drawn to fit the rising phase
of the PSTH, and the latency wasepdrapolated as described above.

300 1
Figure 33. Response latency extrapolatis

Representativeexample PSTH iresponse to
flashed square of the sparse noise stimi
Dashed horizontal line indicates maintair
discharge rate. Shaded grey area indic
maintained discharge rate + 2.5 s.d. Wl
dashed lines indicate onset and offset of
stimulus. Red line depicts regression line fit. Ye
dot depicts extrapolated latency (0.0247 ms).

200 1

imp/sec

-0.1 0 0.1 0.2 0.3
Time (s)
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Receptive fielgosition and siz&om sparse noisd.he trialaveraged mean response to black

(OFF or white (ON) stimuli was fit with a twimensional Gaussian:
Yaw 0°iQ (Eq. 3.3)

whereKis the gain and the size of the Gaussian. Because the stimulus size is larger than the
grid spacingl generated a receptive field for each combination of parameters at a resolution of
1 degree, and convolved these receptive fields with simulated visual stimuli rendered at the
same spatial resolution. The result of the convolution was used as the estimesgoinse of the
receptive field for each stimulus. The fitting programme found the best predictions of the model
by minimising the square error between the predictions and the observed respdrsesells

in which the modefit explained at least 60% tifie variance| definedreceptive fieldsize of

each subfield as the estimatedfrom which the area waalsocalculated, and the position as

the Gaussian centr@-ig.3.4a).

Receptive field size from patcheEBhe triataveraged mean response to bla€kHF) or white
(ON) circular stimuli of varying size was fit with a tawimensional differencef-Gaussians
model (Rodieck, 1965EnrothrCugell and Robson, 1966)assumed that both the center and
surround could be described by concentric and circulartivoensional Gaussians. The activity
of the centre L6 to a patch of diameted is proportional to the integrated volume of a Gaussian:
Q

~ q dla'qg (Eq. 3.4)
N n

0o Q

wherer. is the width of the centre Gaussian. A similar expression can be derived for the larger
surround (). l assume that the surround has subtractive influence on the activity of the centre

such that response is:

YQ 00 Q 000 (Eq. 3.5)

where K.and K are respectively the centre and surround gaihsstimated the preferred size

from the model fit as the smallest size reaching 95% of the maximal responsg.4Big
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Spatial frequency tuningl also characterised spatial frequency tunitgrves with a
difference-of-Gaussiansnodel (DOQG (Enroth-Cugell and Robson, 1966roner and Kaplan,
1995)

YiQ 0“0 0“1l 0 (Eq 3.6)

wheresf is the spatial frequency. andrc are respectively gain and size of the center Gaussian,
andKs andrsare the gain and the size for the surround Gausside DOG model describes the
center and the surround sensitivities as antagonistic Gaussians iglcgrresponding to the
radius at which the Gaussians sensitivity has fallen ¢mfi.the peakl fit the spatial frequency
tuning curves withEquation 3.6 withfour free parametersk,, rc, Ks andrs. | constrained the
parameters to be positive, and theurround size to be larger than the centéfig. 3.4c)l
calculated the spatial frequency resolution of each neurons as the characteristic frequency, fc =

M Krec.

Temporal frequency tuning.l characterised temporafrequency tuning curveswith a

differenceof-exponentials functiorfDerrington and Lennie, 1984)

YoQ YQ YQ (Eq. 3.7)

whereS andSare scale factors ang andK; the time constants of the mechanisr(isig. 3.4d).

Linearity of spatial summatiom response to drifting gratingdVhen stimulated with a
drifting sinusoidal grating of optimal spatial frequenitye activity of units showing nearly linear
summation within receptive fields is strongly modulated at the temporal frequency of the
stimulus (F1, amplitude of response at the stimulus first harmohidhese cells, the amplitude
of the F1 response is therefore larger than the FO. Niogar cells instead respond with an
increased average firing rate (FO) that is only weakly modulated. Tigitade of the FO
response is therefore larger than the F1. To classify the cells as linear-tinean| followed
the procedure described iBkottun et al(1991)  used the data obtained from spatial frequency
tuning experiments to calculate the F0 ratio at the preferred spatial frequency. Cells with a

ratio smaller than 1 were classified as Horear (or complexike), while cells showing a ratio
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larger than one were defined as linear (or sim{ke). For plotting purposdsonstrained F1/FO

ratios larger than 3 to be equal to 3.

Linearity of spatial summatioin response to contraseversing gratingsin response to
contrastreversing gratings, nelinear cells show responses that are modulated at double the
frequency of the stimulus (F2) atl phaseqHochstein and Shapley, 1976&) contrast, the
response of linear cells is modulated at the stimulus frequency (F1) and depends on spatial
phase, displaying a marked decrease in response amplitude at the grating phase symmetrically
stimulatingl KS / wC 0 Wyldzated tHelkéad B2Quidthe peak F1 across phases, and
classified cells as linear if the F1 was larger than the F1 (F1/F&tatidells with F1/F2 ratio <1

were instead classified as ndinear.

Speed tuningl characterised the tuning curves for speed by averaging the responses to
combination of spatialand temporal frequencies that produced similar speeds (Fig. 3.4e,f).
G§KSY ljdzZ yGAFTFASR (KS RS 3NBdmeasbnaGausi$as iR vehitlzy A y 3 €
preferred temporal frequency could depend on the spatial frequency used for the stimulus
(Priebe et al., 2003Andermann et al., 201Gale and Murphy, 2014)

a€iQQ a ¢ iQQ
G,
aedQae@a Q
G,

YiQ O Qon
(Eq. 33)

Q6

whereRsti is the average response to each combination of spatial and temporal frequeAcies,

is the maximum response across stimsilies is the preferred spatial frequenctfy is the overall
preferred temporal frequency, andy(sf)is the preferred temporal frequency at each spatial
frequency. The degree of dependency of preferred temporal frequency on spatial frequency was

captured by:

QA Q , §EIQQ&EQQ af&C (Eq. 3.9)
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Figure 34. Responses to all tested visual stimuli for an example meinc004_20160705Spk6. Das
black lines and grey shaded areas indicate spontaneous activity + #eResponses to sparse nc
stimulus. Triahveraged responses to each stimulus location for black (left) and white (right) f
squares. The grey scale represents response magnitude (spk/sec). Red lines depictdimadnsions
Gaussian fit of the regmse.B. Responses to patches increasing in dieé responses to black patch
Right responses to white patche§. Responses to drifting gratings varying in spatial frequency. Re
depicts the differenceof-Gaussian fit of the respons®. Respaoses to drifting gratings varying
temporal frequency. Red line depicts the differermfeexponential fit of the responsée Responses
drifting gratings varying in spatial and temporal frequenteft. Matrix of responses to differe
combinations ofspatial and temporal frequencies. Grey scale represents response magnitude (s|
Right Speed tuning curve of responses to drifting gratings of different spatial and temporal freq
derived from [Left) by averaging responses to combinations dditigd and temporal frequency of simi
speedsF. Responses to drifting gratings varying in direct@nResponses to drifting gratings varyin
contrast.Red lines depicts the NafRushton function fit of the response.

GKSNB viI (KS arepkseRs tiedrfatiofsBip betyideS thespreferred temporal
frequency at each stimulus spatial frequency (the function is linear with respect to log spatial
FNBIjdSyOeod ¢KS aLISSR GdzyAy3d AYyRSE v A& GKS
stimulusspatial frequency are proportional, such that the neuron is selective for a particular
speed rather than the spatial or temporal frequency components of the stimukstimated

the speed tuning index just for responses where the variance explained Bythé@ 61 & X c J¥

Direction and orientation tunind used two indices to quantify the direction and orientation
selectivity- a direction/orientation selectivity index (DSI/OSI), and a global dirglctiiamtation
selectivity index (gDSI/gOSI)The global selectivity index (gDSI for direction and gOSl for
orientation) is a better overall descriptor of selectivitylazurek et al., 2014)The selectivity
indices (DSI/OSI) are used for comparison with previous st(\fasg et al., 201Qnayat et &,
2015) The DSl is

0"Y0O v v Eqg. 3.10
N N (Eq. 3.10)
where Ryer is the cell maximalresponseat the direction * yef and Rypp is the responseat the
directionoppositeto preferred,’ per+~ Similarly the OSlis:
Yee Y

5 YO —— Eq. 3.11
0 YO'Yee v (Eqg. 3.11)
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where RQ@eet is the meanof Ryrer and Ropp, and R is the meanresponseto the two directions
orthogonalto ‘ yer. | calculatedgDSlasthe vector sum of responsesiormalizedby the scalar

sumof responses:

BY Q

Q0O — (Eq. 3.12)
andthe gOShs:

"Q0 “Y"OE% (Eq. 3.13)
whereR is the responséi 2 | 3ANJ G Ay 3 | @&fhedthe @efekredl \itetion br2 y &

orientation as the angle of the vector sum of responses.

Contrast sensitivityl characterised the contragesponse functions using ldakaRushton

function:
) u ' o}
Y FE—— (Eq. 3.14)

whereRis the neuronal response given a Michelson stimulus cont@sR¢axis the saturating
response amplitudeCso is the contrast at half of the saturating response amplitude, and p is an

exponent (Fig. 3.4g)constrained theexponent to be between 1 andl

3.24 Inclusion criteria

| consideredneurons visually responsive if their maximal response was at least 1.4 spk/sec,
and exceeded the mean maintained rate by at least 1.25 s.d. of that rate (anesthetized
recordings) or 1.5 s.d. (awake recordings)awake animals, wheré often recorded from
multiple units simultaneously included additional selection criteria: in experiments using large
gratings to test basic respongmoperties €.g. direction, spatial and temporal frequency,
contrast) | required that the position of the estimated RF (obtained from the sparse noise

stimulus) was within 30° of the stimulus centre.
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3.3 RESULTS

| made extracellular recordings from a total of 471 neurons in the superficial layers of
superior colliculus (sSC) in awake mice, and 109 neurons from these layers in anesthetized mice.
Of these, 325 neurons in awake and 104 neurons in anesthetized mieevwseally responsive
(displayed significant response to at least one of the presented visual stimuljexrihcluded
in the subsequent analysis (see also Methods, Section 3.2.3). Most neurons were recorded from
the retinorecipient superficial layerd the SC: SZ, SGS and SO (Fig. 3.5a,b). The receptive fields
of the neurond recorded from spanned a large portion of visual space in both awake (Fig. 3.5¢)
and anesthetized (Fig. 3.5d) animals.

In the following, | first compare the spontaneous and eakiring rates of neurons in the

superficial SC in the awake and anesthetized state. | then describe responses to stimuli of
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S 401 & 401 )
8 'Lf;.' --. *e :
‘E 20 1 ;:_'.‘ T, .., 201 : L e
o S, e oy R N e 1d
'§ 0t PLuiaiiaby F--------- O1-r g _'-_:";--.a- -------
B | e b PR RS
0201 < :_,,__4-. 201 " .. =X
i . . . __n=4 : ' . '_ t ot n=g7
0 20 40 60 80 100 0 20 40 60 80 100
Azimuth (deg) Azimuth (deg)

Figure 35. Collicular depth and receptive field positigkB. Histograms of availablestimated recordin
depths of neurons recorded in awak&, = 303) and anesthetize®,(n = 55 animals, with 0 indicatir
surface of the SC. Histograms have been appropriately scaled and overlaid to darkfield photomic
showing retinal innervatio onto the superficial layers of the SC (modified frivkarin and Studholm:e
2014). GD. Receptive field position of neurons estimated from sparse noise stimulus and adjus
monitor position with respect to the eye in awak@ (i = 141) and anesthetidéD,n = 97 animals. Dashe
lines indicate horizontal and vertical meridian. For graphic purpdsesidomly added a +@-° jitter to
the receptive field positions.
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different polarity, characterize spatial receptive field properties, and illustrate sensitivity to
gratings of varying spatialéquency, temporal frequency, speed, direction, orientation and
contrast.

I will show that neurons in mouse SC display highly sensitive, spatially confined RF, prefer
black stimuli but respond to both black and white stimuli, have fast temporal integratzm
encode direction and orientation of motion, and that anaesthesia mainly affects their sensitivity

and temporal integration properties.

3.3.1 Spontaneous and evoked firirajes

Different brain areas as well as distinct neuronal subpopatatdisplay characteristic firing rate
patterns, that can also depend on brain statéound that anaesthesia had pronounced effects

on the spontaneous and evoked spiking activity of neurons in sSC. The average spontaneous
firing rate was 0.8 imp/sec (s.d.2) in anesthetized animals and 2.6 imp/sec (s.d. 4) in awake
animals (Fig. 3.6a; p <1,0Wilcoxon rank sum test). Evoked activity was also dependent on brain
state: response to a large drifting sinusoidal grating of optimal spatial frequency was 12.7
imp/sec (s.d. 12.5) ianesthetizedanimals and 29.3 imp/sec (s.d. 34.4)aiwake animals (Fig

3.6b; p < 16, Wilcoxon rank sum test). Anaesthesia therefore reduces both the background and
the evoked firing rate of SC neurons, and is likely to hgw®®und effect on the integration

of visual information.

Figure 36. Firing rate properties imwake and anesthetized brain stateSrange:awake (AW) Blue
anesthetized AN) A. Histogram of spontaneous firing rateméurons in awake and anesthetizadimals
Arrow heads indicate mean spontaneous firing rate (A6 imp/sec; median 1 imp/sec;ds 4 imp/s
AN: 0.8 imp/sec; median 0.2 imp/sec; s.d. 1.2 imp/sBciHistogram of firing rate in response to a la
drifting sinusoidal grating of optimal spatial frequenéyrow heads indicate mean (AW29.3 imp/sec
median 18.8 imp/sec; s.d. 34.4 imp/s. AN: 12.7 imp/sec; median 8.6 imp/sec; s.d. 12.5 im@/
Average response latency to white (ON) or black (OFF) sparse noise stimulus in awake and ant
animals. Horizontal black bars indicatediian (AWON: 45 ms, y: 54 ms, s.d. 34 ms.-QKF: 45 ms,
49 ms, s.d. 27 m&NON: 147 ms, W: 147 ms, s.d. 27 ABLOFF136 ms, p:134ms, s.d22ms). D-E
Cumulative distribution of average response latencies show@ ®Bolid line: latency of GFesponse
Dashed line: latency of ON responsie€s. Population average PSTH in response to a black (colour
white (white) circular pch of optimal size in awaké,(n=46) and anesthetize®(n=68) animals. Dash
lines indicate stimulus offseltl. Normalized versions of average PSTHs in response to black patche:
in G, and aligned to peak. Dashed lines indicate stimulus offset for awake (orange) and anes
(blue) animals.
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Figure 37. Example responses to small flashing squares and patches of differentEsmdsow show:
example responses from the same neur@nand D show responsg to small black squares flashec
different locations B and Eshow responses to small white squares flashed in different locati©asd F
show responses to black (black histogram€amnd black curves iR) and white (grey histograms @and
black wirves inF) patches increasing in siz&. Example post stimulus time histograms (PSTHSs) o
neuron in response to small black flashing spots at each stimulus location. X axis iB.0A2 §A, in
response to a white stimulu€.PSTHs of an example neuron in response to black (left column) ot
(right column) patches increasing in size. Numbers on the left of rows indicate stimulus diamete
is05sDE9F OK NBg akKz2ga | aiy3at S ySdzNBsHicyspots. Tl fir
row shows responses for the same neuron showd end B. Grey scales indicate response magnit
(imp/sec). Red solid line represents best responseofits two dimensional Gaussian convolved with
stimulus F. Size tuning b example neurons in response to black (black) and white (grey) ps
increasing in size. The first plot from the top depicts responses of the same neuron sh@viariior bar
indicate t£s.e.m. Solid lines represent best OFF (black) and ON (grey)sedjisrof a difference
Gaussians model.
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Anaesthesia also had profound influence on response latency. To show rttdasured
responses to flashed, small black or white squatesveraged measurements of response
latency across all positions wherespgonse was significantly higher than the background
activity. The average latency in response to white stimuli was 147+27 ms in anesthetized animals
and 54+34 ms in awake animals; in response to black stimuli, latency was 134+22 ms in
anesthetizedanimalsand 49+27 ms in awake animals (Fig. 3.6c). Interestingly, while latency to
white and black stimuli were similar in awake animals (Fig. 3.6d) in anesthetized responses to
white stimuli were slower (Fig. 3.6e) (p = 0.004lcoxon rank sum tekt

The increaein response amplitudeanddecrease in respondatency in awake animatsan
also be seerin the averageresponse to flashed black or white patches of optimal size (Fig.
3.6f,g). Scaling the PSTHSs in response to black stimullggning them to the pak (Fig. 3.6n
shows that the time it takes for responses to reach the peak, and to then fade, is similar in awake
and anesthetized mice.

I conclude that brain state has a profound effect on responses of neurons in the mouse sSC.
By decreasing both spomtaous and evoked firing rates and increasing response latency,
anaesthesia is likely to alter how neurons integrate visual informat@ur. results are in
agreement with previous studies performed in mouse LGN and V1 (Vaiceliunaite et al., 2013;
Durand etal., 2016), suggesting that anaesthesia similarly affects the excitability of visual

neurons in SC, LGN and V1.

3.3.2 Polarity preference angatialorganisation ofeceptive fields

Most neurons in sSC preferred black stimuli to white stimuli. In awatenas, 83.7%
(185/221) of cells showed stronger response to the optimally positioned black stimulus (Fig.
3.8a. p <162 Wilcoxon signed rank test) anddnesthetizedanimals, 69.2% (45/65) of cells did
(Fig. 3.8b. p <1¥). Additional measurements @ésponse to black and white circular patches
increasing in size (Fig. 3.8c,d) showed similar preference for black stimuli (awake animals, 40/46
cells, 87%; p < 10 anesthetized animals 45/68 cells, 66.2%; p = 0.004). Thus, most neurons in
sSC respond tboth white and black stimuli, but responses to black stimuli are stronger in both

anesthetizedand awake animals.
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Figure 38. Response polarity of neurons in.${stograns of ratio of ON and OFF response amplitu
Red ines indicate equal ON and OFF response amplitudes, bars on the left of the red bar indica
OFF response. Arrow heads represents median. Dashed vertical lines represent equal amplituc
and OFF responseA. ON/OFF ratio of responses to spansoise stimulus in awake animals (n = :
median-0.32,1 -0.28, s.d. 0.33)B. ON/OFF ratio of responses to sparse noise stimulus in anesth
animals (n = 65; mediaf.25,u-0.17, s.d. 0.47YC.ON/OFF ratio if responses to patches in awake arg
(n = 46; median0.53,u -43, s.d. 0.4)D. ON/OFF ratio if responses to sparse noise stimulus in
animals (n = 68; mediaf.32,1-0.2, s.d. 0.62).

The preference of sSC neurons for black stimuli may arise if OFF subfields summated over a
largerregion of visual space, or had greater sensitivity compared to ON subfields. To compare
the size of the OFRnd ON subfields, respectivelgharacterised responses to black and white
patches increasing in size (Fig. 3.7c¢,f). In eachldas@d the best predictions of alifference
of Gaussians model, under the assumption that both ON and OFF subfields havescermend
receptive field organization (see Methgd&nroth-Cugell and Robson, 1966;Croner and Kaplan,
1995) lincluded cells in which the best fitting prediction could explain at least 60% of variance
in the dai (Aw. OFF39/46, 84.8%0N: 29/46, 63%. AIDFF54/68, 79.4%O0N: 47/68, 69.1%).

Summation area does not explain the stronger sensitivity to black stimwdwake animals,
neurons generally showed similar preferred sizes for white and black stimuli (p = 0.7, Wilcoxon
rank sum test), and in anesthetized mice neurons generally showed smaller preferred size for

black patches (p < #) (Fig. 3.9a). Similgtithe receptive field centre size for ON and OFF
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Figure 3. Size of ON and OFF subfieldsRadius of preferred size for ON (empty) and OFF (i
subfields in response to patches increasing in size, estimated from the responstditifference c
Gaussians model (AWN: median 5.1, p 4.7, s.d. 11.3, n = 29-@WF: median 4, i3, s.d.8.3, n =39.
AN-ON: median8.5, 1 9.7, s.d 9.2 n= 47 ANOFF: mediak.1, 16.2, s.d.9.4, n =54). Horizontal ba
represents medianB. Radius of classical receptive field center size for ON (empty) and OFF
subfields in response to patches increasing in size, estimated from the responséditdifference c
Gaussians model (AYWN: median 7.5, 1 6.8, s.d. 19.8, n = 29.-@WF: redian 6.4, p 6.4s.d.11.5 n =
39. ANON: mediarl4.5 pu15.7, s.d 15.3 n=47 ANOFF: mediaB.5, n9.2, s.d.15.29 n =54). Horizonta
bar represents medianC. Radius of ON (empty) and OFF (filled) subfields in response to spars
stimulus, etimated from the response fitef a two dimensional Gaussian convolved with the stim
(AW-ON: median 5.8, p 4.7, s.d. 3, n = 37.-@WF: median 3.7, u& s.d. 3.1, n = 112. AQN: media
1.2, p 1.2, s.d. 1.5, n = 34. ANFF: median 1.3, p 1.2, s.d. il = 49).D. Histograms depicting tf
distribution of variance in the data explained (V.E.) by the best fitting prediction of the Gaussian n
to the responses to whitd€ft, ON) and blacki@ht, OFF) sparse noise stimulus, across the populatff
awake fop, orange) and anesthetizeddttom, blue) animalsVertical dashed lines indicate threshold
inclusion in the analysis (60%): only neurons in which the model fit could explain at least 60% of
in the data were included in subsequearalysis (AVWON 37/221, 16.7%. AVDFE112/221, 50.7%AN-
ON 34/65, 52.3% ANOFF 49/65, 75.4%)EF. Scatter plot of receptive field center radius for ON .
function of OFF subfields in awalg and anesthetizedF) animals, estimated from the fitsf a difference
of Gaussians model to responses to patches increasing irGsiteScatter plot of receptive field surrou
radius for ON as a function of OFF subfields in aw@kand anesthetizedG animals, estimated froi
the fits of a difference ofGaussians model to responses to patches increasing in size.
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subfields was similar in awake animals (p = 0.94) and under anaesthesia OFF subfields were
smaller (p < 19) (Fig. 3.9k&,f). In counterpart analysdsstimated the radii of the ON and OFF
subfields using the responses to flashing squdfég. 3.9¢)for those cells where the fit could
explain at least 60% of the variance in the d@dav: OFF 112/221, 50.7%; ON 37/221, 16.7%.
An: OFF 49/65, 75.4%; ON 34/65, 52.3%y. 3.9). In awake animal ON subfields were
generally larger than OFF subfields (p = 0.0014, Wilcoxon rank sum test). In anesthetized animals
the ON and OFF subfields were of similar size (p = 0.69, Wilcoxon rank sum test). Note that for
many neurons in anesthetized animals thstimated radius was very small (the cluster of
neurons with radius<1°, Fig. 3.9¢). This is probably an artefact of the fitting procedure when
neurons respond only to oner two of the tested positionsl. note that the exclusion criteria
exclude both neurns with little or noresponseand neurons with good responses but poorly fit

by the Gaussian model, and so | may have excluded from the analysis neurons with particular
patterns of activation. For example, some neurons responded well to individual pesitidhe

sparse noise stimulus but did not display a unitary, clearly delimited receptive field, making it
difficult for a Gaussian model to capture the variability in the data. The estimates of receptive
field sizes reported here are therefore illustratiof the population of SC neurons that displayed
spatially delimited receptive fields or conventional size tuning.

While estimates of subfield size obtained from sparse noise stimulus and patches were
similar in awake animals, they clearly diverged in #mtized mie, where estimated sizesere
smallerfor sparse noiseAsimpleexplanation for the discrepancy may be a decrease in contrast
sensitivity under anaesthesia: the small size of flashing spe®sy from the centre of the
receptive fieldmight notbe sufficient to drive responses, while the use of patches of larger sizes
would allow cells with low sensitivity to sum over larger portion of visual space and reach
response thresholdA decrease in contrast sensitivity is in line with the larger portibcells
displaying pure ON or OFF responses in anesthetized animals, as illustrated by the proportion of
cells having extreme values of ON/OFF response ratio (Fig. 3.8b,d).

In summary, | found that most neurons in mouse SC respond to both increasds@edses
in luminance. The results are in agreement with previous studies of SC neurons in mouse (Wang

et al. 2010), cat (Mcllwain and Buser, 1968) and monkey (Schiller and Koerner, 1971). | also
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conclude that neurons in the SC prefer decreases in lunti@do increases in luminance, and

this is because OFF subfields are more sensitive than ON subfields.

3.3.3 Linearity of spatial summation

The receptive fieldof neurons throughout the visual pathways can be broatthgsified as
showing linear or notinear spatial summatiann retina of cat, ganglion cells showing linear
spatial summation (X ceJléEnroth-Cugell and Robson, 1968pchstein and Shapley, 197&an
be distinguished from those showing clearly Horear spatial summation (Y cells): teedasses
respectively correspond to betand alphalike retinal ganglion cells defined morphologically
(Boycott and Wassle, 1974h visual cortex of cat, primate and mouse, a similar distinction can
be made between simpléke and compledike receptive fields (Hubel and Wiesel, 1962;
Movshon et al., 1978)urand et al., 2016 Previous work in SC afesthetizedand awake mice
(Wang et al., 201010 et al., 2017has shown presence of some cells with linear or nearly linear
spatial summation and othershowing clearly nelinear spatial summation. Recent work in
mouse LGNDurand et al., 2016has shown that while most receptive fieldsdnesthetized
animals show linear spatial summation, Rlimear spatial summation is more apparent in awake
animals.Abovel showed that, consistent with previous work, many neurons ined@ondto
both black and white flashed stimuli, implying nlimear summation within receptive fields. In
the following, | characterise the linearity of spatial summation in mouse rie@rons in
anesthetizecandawake animals.

When a sinusoidal grating is drifted across the receptive field, it generates a sinusoidal flux
in luminance at each point in the receptive field (Fd.09. The activity of a linear receptive
field will be strongly modulated at the temporal frequency of the grating, while alimear cell
will show elevation of the mean firing rate that is only weakly modulated at the grating temporal
frequency (Fig3.10b. In the model of retinal -¢ell receptive fields proposed by Shapley and
Hochstein, this is because thec¥ll receptive field includes multiple spatially overlapping
subunits and the output of each subunit is rectified before summation within the recefield.
Similarly, cortical complex cells can be thought of as the summation of rectified subunits, like

those found in cortical simple cells. Fourier analysis of the neuronal response to a drifting grating
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Figure 310. Linearity of spatial summation in response to drifting gratirg8. Schematiof linear ant
non-linear responses in the visual system. When a sinusoidally drifting grating is presented
receptive field, the receptive field is subjected to luminasgrisoidally varying over tim@). Linear cel
respond with a firing rate that is strongly modulated at the temporal frequency of the stimulus, whit
linear cells respond with an increased average firing rate weakly modulated at the stimulus té
frequency B). GD. Histogram ofF1/FO ratioof neurons in awake@ and anesthetizedl) animalsin
response to a drifting sinusoidal grating of optimal spatial frequeR®d shaded areas indicates c
classifiedasnofi A Y S NJ 6CmMkCn f MO®P . fdzS aKIFRSR | MBdw
heads indicatenedians AW: 1.26T > mMdomMT a®PRP ndcnd ! bY mdPoc

Figure 311. Linearity of spatial summation in respon®ecounterphase modulated gratingé-D. Left.
Raster plots of responses of four example neurons to counterphase modulated gratings. E
represents a spike. Each row represents a tlitdsted responses at 8 different phasesafyis), eac
tested 4 to 10 times. Each colour represents different trials of equal plRiglt Cycleaveraged pos
stimulus time histograms in response to each phase, colour codedlaf)nThe spatial frequerycof the
grating was, in cyc/degA-0.05;B-0.02; G0.05;D-0.07. The temporal frequency of the grating was
cyc/sec: A-2; B-1.33;G2; D-3. A-B. Example neurons recorded in awak® @nd anesthetizedB) mice
displaying linear responses. Note thasponses are mainly modulated at the temporal frequency o
stimulus (F1) showing one peak per cycle, while at the null phase the F2 dominates. Also note
phase shifts of responses to equal phasedj frobably introduced by eye movementsawake animal
GD. Example neurons recorded in awak& é&nd anesthetizedd) mice displaying nefinear response:
Note that responses are modulated at twice the frequency of the stimulus (F1) and display
responses at all phases. Also note thesponses in@ seem to be unaffected by eye movemerts:,
Satter plot of F2/F1 ratios measured in awakie @nd anesthetizedH animals in response

counterphase gratings, as a function of F1/F0 ratio measured in response to drifting sinusoidalsgy
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enables comparison of the mean rate (average firing rate, or FQ), and the amplitude of response
at the temporal frequency of the stimulus (first harmonic, or F1). If the amplitude of the
response modulated at the temporal frequency of the stimulus is larger than the average firing
rate (F1/FO ratio > 1), the cell is classified as linear or stiiggléSkottun et al., 1991 Cells with

an FO larger than the F1 are classified as-limoearor complexlike.

| derived F1/FO0 ratie from responses ta large drifting gratingf nearly optimal spatial
frequency F1 and FO valuesere calculated separately for each trial and then averaged across
trials. Figure3.10shows the distribution of F1/F0 ratio acrogege sample of SC cells in awake
(Fig3.109 andanesthetizedFig3.10d animalsin anesthetized animals the median F1/FO ratio
was 1.36andg Kk Tt O0T ndm: 0 OF (lidedr, omsinpldikée) RrhedistribuGom of x
F1/FO ratian anesthetized animals was no different to that of awake anirfmédian 1.26p =
0.59 Wilcoxon rank sum testyvhere153/227cells 67.4%)were classified alseing linear.

In a subset of unit$ further characterised spatidinearity using counterphase modulated
sinusoidal gratings. In this experiment the grating is stationary but flickers with a sinusoidal
temporal profile;l measured response at each of 8 spatial phases (Fig 3.11). Linear cells are again
expected to show aivity modulated at the temporal frequency of the stimulus (Fig. 3.11a,b).
Noninear units are expected to show modulation at twice that temporal frequency (the F2)
because some subunits are responding at one temporal phase, and others are respondag at t
opposite temporal phase (Fig. 3.11c,d). In this case, linearity of spatial summation is captured
by the ratio of the F1 response to the F2 response (with responses again calculated within trial
and then averaged across trials). Fig 3.11e,f shows thébdison of this index across neurons
in anesthetizedand awake animals: in anesthetized animals the median F1/F2 ratio was 1.67
YR oHKOd O0yH:0 OStfa akz2gdke) Theudist@butioNdf BIF2 &4 X
ratio in anesthetized animalwas no different to that of awake animals (p = 0.9; Wilcoxon rank
sum test), where 41/48 neurons (85.4%) were classified as being linear. Comparison of this
measurement and the F1/FO ratio above in individual cells showed that classification-of non
linear neurons is more conservative with counterphase gratings, and therefore the proportion

of linear cells is higher using the F1/F2 ratio (Fig 3.11e,f).

M

of A



Functional properties of visual neurons in superior colliculus of mouse 101

3.3.4 Influence of eye movements on linear responses

Receptive fields early in the visual pathway are retinotopic, and when an awake animal

moves its eyes, the portion of the external world that is imaged onto the receptive field also

moves. Typicalectrophysiological experiments average neural responses to several repetitions

(trials) of each stimulus. This approach is not valid in awake animals if eye movements change

the position of the receptive field with respect to the visual stimulus. Fomgka, eye

movements may cause trilaly-trial shifts in the spatial phase of a drifting grating relative to the

receptive field, which will in turn result in r@sponse phasshift between trials. Figure 3.12

shows schematically how eye movements can aféstimates of response linearity. Imagine a

linear receptive field, 5° in diameter, sensitive to light increments, presented with a sinusoidal

grating of 0.1 cyc/deg drifting at 1 cyc/sec. An eye movement of 5° shifts the position of the

receptive field, vk (i K

G§KS NBadz

GKIF G

GKS NBOSLIIAGS TAS

(Fig. 3.12d. Blue, trial 1; green, trial 2). The response in each of the two trials will therefore

have F1 components of opposite phases (Fig. 3.12c). Averaging adatssvould therefore

reduce the estimated amplitude of the F1 component of response, also reducing the estimate

of spatial linearity (F1/F0). This effect will be strongest for high spatial frequencies, where
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Figure 312, Schematic of interactic
between eye movements and spat
frequency onthe phase of linear responst
A. Blue and green circles represent
L2airidAizya 2F | fAy!
over a drifting sinusoidal grating in two tri
with differenteye positions, at the timestan
of 1 sec irB. B. Given that the position of tt
receptive field is different between the bl
and the green trials, the phase of luminal
change over the receptive field will be shif
in time. C PSTHs of the linear neur in the
two trials. The different phase of tl
sinusoidal change in luminance results
phase shifted responses, in this case
opposite phaseD-EF. Same as#-C, but fo
a lower spatial frequency. When a lov
spatial frequency is used, the shiitrespons
phase due to eye movements is |
pronounced.
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relatively small eye movements can nevertheleasse large changes in response phase, while
at low spatial frequencies the influence of eye movements on response phase will be
correspondingly smaller (Fig. 3.1@e).

Fig. 3.13 shows a real example of this phenomenon. During this experimesdsured the
response of a neuron to a vertical drifting grating of varying spatial frequéfte response to
each spatial frequency was sampled 10 times (Fig. 3.13c) and the average eye position on each
trial is plotted in Fig 3.13b. For demonstration purpobsglit the trials into two groups, based
2y (KS S@8S5Qa K2NRAIT andlide poinR)A FagL3I 1BcBHDWsShé iastes oNd S v
all trials for each spatial frequency, with colour determined by eye position. Fig. 3.13d displays
the raster plots of responses to each trial of one spatial frequency (0.075 cyc/deg),
corresponding tahe filled points in Fig. 3.13b. These raster plots show that response phase
(spike timing) depends on eye position. This is clearer in Fig. 3.13e, which shoves/eyatged
PSTHs for trials in each group of eye positions. The PSTHs are of opposiiaptidkse result
is that PSTH averaged across all trials (Fig. 3.13e, black solid line) is less modulated than PSTHs
for each eye position group. The impact of eye movements on estimates of receptive field
properties is shown in Fig 3.13f, which compatesgpatial frequency tuning of the F1 obtained
after averaging spiking activity across trials (solid line), and F1 calculated from spiking activity

within each trial and then averaged (dashed line). Averaging spiking activity (ie. constructing

Figure 313. Interaction of eye movements and spatfii@dquency on linear responseA. Left. Snapshot ¢
eye tracking during an experimeriRight. Same as i, but thresholded to show pupil detection (r
pixels). B. Receptive field positions derived from eye tracking for an example linear neuron,
measurement of responses to a drifting sinusoidal grating of varying spatial frequencies. E
represents the average RF position during one trial. Colour coulgg responses obtained from trii
were the RF had similar horizontal positi@ Each row shows the raster plot of responses in one tr
spatial frequencies, 10 trials eacl). Enlarged raster plots of responses to 10 trials at 0.075 cyc
colour coded as irC, and corresponding to the black filled pointsBnNote the phase shift in respons
to different receptive field positions= Cycleaveraged PSTHs of responses showb.iShaded are:
represent cycle averaged PSTHs of individual trizgllse and green solid lines represent cyalerage:
PSTHSs of blue and green responses figmespectively. Note that the single and the averaged P
have opposite phase due to horizontal displacement of RF position. Black solid line representse
averaged PSTH across all trial©irNote the lower F1 amplitude compared to the average PST
responses with similar RF positioR. Solid line shows F1 response amplitude at different sy
frequencies derived from responses averaged acrodsall (as irg black solid line). Dashed line sh¢
the F1 response amplitudes at different spatial frequencies derived trial by trial and then average«
trials. Note that the trial by trial F1 has a larger amplitude at higher spatial frequerfgiesy heac
indicates spatial frequency of the stimulus for responses shown in D and E.
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PSTHs)aoss trials leads to an underestimation of spatial resolution, because the influence
of eye movements on the temporal profile of average responses is strongest at high spatial
frequencies.

Above,| classified cells as linear nonlinear based on the F1/FO ratio te optimal spatial
frequency(Skottun et al., 1991Fig3.14compares F1/FO ratio derived from averaged responses
(Flpsth/FO)and triatby-trial responses(F1/F0) As expected from the presence of eye
movements, the difference in triddy-trial and averged F1/FO is more prominent in awake
animals than in anesthetized animals. In anesthetized animals 8/97 cells (8.1%) would have been
misclassified as nelinear ifl wereto usetrial-averaged® STHswhile 40/227 (17.6%) cells would
have been misclassifiad awake animals. For all following analykteerefore chose to use the

trial-by-trial responsesand not average®@STHsto characterize the response all cells.
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Figure 314. Eye movements arlthearity of spatial summatiarA-B. Comparison of F1/FO0 ratio calcula
deriving the F1 from the average PSTH across trials (F1psth/F0) rather than from the trial by trial re
(F1/F0), in response to a drifting sinusoidal grating of optimal spfagiguiency. Vertical and horizon
dashed grey lines indicate threshold for cell classification as linear olimear for F1psth/FO and F1/f
respectively. Solid black line represents equality of the two ratidste that the Flpsth/F
underestimates lte amplitude of the F1, causing underestimation of response linearity. Blue ai
points indicate cells classified as linear and Hioear, respectively, using F1/F0. Neurons positione
the left of the vertical dashed line and on top of the horizdrmtashed line would have been misclassi
as nonlinear by using F1psth/FB&. Neurons recorded in awake animals (n=2B7Neurons recorded
anesthetized animals (n = 97).
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3.3.5 Spatial resolution

The visual environment contains information at different spatial scales, from low (e.g. a clear
sky) to high (e.g. blades of grass). Similarly the visual system contains neurons with receptive
fields of different sizes, which allow analysis of informat&rvarious spatial scales. To gain
insight into the spatial bandwidth of cells in mouse $Characterized their sensitivity to
different spatial frequencies. To provide quantitative characterisation of spatial receptive fields
I measuredthe response tolarge, highcontrast sinusoidal gratings drifting at the preferred
orientation (where known) and at an average temporal frequency of 3.4Hz.

To show the envelope of spatial sensitivity, Fig 3.15b shows average spatial frequency tuning
curves in awakeand anesthetized animals. These average tuning curves indicate greater
responsivity at high spatial frequencies in awake animals. The average tuning curves however
mask wide variability in the shape of individual tuning curves (Fig. 3.15a), with soma&ghow
low-pass tuning, others highly bandpass tuning, and a broad variety of intermediate tuning
widths. To provide a quantitative characterisation of tuning cuhfeand in each case the best
predictions of a differencef-Gaussians model of the spatiakceptive field(Enroth-Cugell and
Robson, 1966;Croner and Kaplan, 1995)sed these predictions to estimate the preferred
spatial frequency, the size and sensitivity of the classical receptive field centre, and the amount
of tuning (see Methods). The tlikution of preferred spatial frequency was similar for awake
and anesthetized animals (Fig. 3.15c¢, p = 0.19, Wilcoxon rank sum test), as was the distribution
of receptive field centre sizes (Fig. 3.15d, p = 0.13, Wilcoxon rank sum test), and the ithegex of
degree of spatial tuning (i.e. the roll off at low spatial frequencies; Fig 3.15e, p = 0.5, Wilcoxon
rank sum test)l found a median spatial frequency resolution of 0.1 cyc/deg, with 10% of
neurons resolving at least 0.32 cyc/deg in awake animaksndsthetizedanimals the median
was 0.09 cyc/deg and 10% of neurons resolved at least 0.17 cyc/deg. In both awake and
anesthetized animald, found strong quantitative differences between linear and #iorear
cells: linear neurons tended to prefer lowspatial frequency while nehnear cells preferred

higher spatial frequencies (AW: p < %0 AN: p < 18  Wilcoxon







































































































































































































































